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In the current context where the protection of the environment has taken on major
importance, and where global warming has become a worldwide concern, renewable energies are
identified by energy experts as mature technologies to ensure a sustainabdgiadtéonfossil
fuels (coal, oil, gas). The latter are the main sources of environmental pollution and global warming.
As part of its energy policy for its member countries, the European Union has set ambitious
objectives in terms of developing renewabtergy. In addition to improving energy efficiency,
the European Union wants to increase the share of renewable energy to at least 30% of the energy
mix by 2030[1]. Like Paris, some cities have gone even further, setting a target of 50% and then

100% by 260.

Renewable energies, such as photovoltaic, wind, hydro, biomass or geothermal, offer the
advantage of being negpolluting and sustainable green energies, but their dependence on climatic
conditions makes them intermittent and not available on demdnsd.obstacle hinders their
continuoususe, which has necessitated the development of suitable storage systems to ensure a
continuous supply at any time of the year. Energy storage systems will also help to increase the
share of renewable energy in the gyemix, and meet the ambitious targets set by the EU for its
member countries. It is estimated that the battery market could be worth 250 billion euros by

20252].

In order to optimize the use of renewable energies and to overcome the problem of

intermittence, various storage systems have been developed to conserve energy and ensure its


https://blog.rexel.com/paroles/stockage-de-lenergie-quelles-innovations-pour-le-developpement-des-energies-renouvelables/#_ftn4

restitution on demandHistorically, lead batteries were the first to meet the need for energy storage.
They have the advantage of being economical and easily recyclable, but nevertheless have the
disadvantage of being environmentally polluting in the longer term. Indeedegenpe of lead in

one of its components, which is a heavy metal dangerous for human health and the environment,
may be released into the environment at the end of the battery's life. Today,-lihilatteries
represent the most mature storage techryologhe short term and the most popular, for domestic

use (electric vehicles, portable devices, bicycles, scooters, electric scooters, industrial robots, tools,
electricity storage on networks etc.), telecommunication (cell phones) or space (spacecraft).
Lithium-ion batteries have the advantage of being able to restore energy quickly and reliably for a
long period (more than 10 years). Moreover, they have the advantage of having a high density of
energy storage, and of operating in extreme conditionspafritant temperature variations, shocks,
vibrations and long duration. Other innovative battery technologies that are less polluting and more
powerful have been developed to meet the growing need for sustainable energy storage. These

technologies includeosliuntion batteries, solidgtate batteries.

Current lithiumion batteries consist of two electrodes, an anode and a cathode, immersed
in an electrolyte. They work by cycles of charge and discharge during which the lithium ions move
from one electrode tté other through an electrolyte. For the different uses of litihiumbatteries,
it is essential to provide energy with the same performance for more than ten years. The possible
ageing of one of the battery's components can hinder its optimal fungteminead to a decrease
in its performance. The aging phenomena affect the different components of the battery, and is

manifested by a change in their properties. The quality of the different components of the battery



has a considerable influence on iggfprmance in terms of life expectancy, cyclability and power.

The growth of a passivation layer at the electreldetrolyte interface (Solid Electrolyte Interphase
(SED), favors a better reversibility of lithium ion insertion without solvent intercadativhile
maintaining a good charge transfer. Furthermore, the structure, architecture and composition of the
electrode materials also play an important role in the optimization of battery performance. However,
their evolution during the battery cyclingssll poorly understood and is a hot topic in the battery
field. Several results in the literature have highlighted the importance of the porosity and the
specific surface of the powders used as electrode materials in the determination of the performance

of batteries

In order to understand the different parameters influencing the performance of-iidimum
batteries, the research work in this thesis will be oriented towards the study of the different
mechanisms at the origin ofttantrol of the morphology of titanium dioxide nanopatrticles, during
a hydrothermal synthesis. Moreover, the interest of a control of the morphology of titanium dioxide
nanoparticles, in order to use them as anode materials for liibiumatteries will beexplored.

The importance of the porosity and the specific surface of titanium dioxide powders in the

determination of the performances of lithisom batteries will be studied

Chapter | is a bibliographical study of the state of the atifamum dioxide nanoparticles
and lithiumion batteries. The first part will be dedicated mainly to the synthesis methods of
titanium dioxide nanopatrticles, with a particular attention to the hydrothermal method. We wiill

present in this part, the differeparameters characterizing Li@anoparticles. The applications of



TiO2 nanoparticles will also be discussed. The second part of this chapter will be dedicated to
lithium-ion batteries and the interest to use JI@Anostructures as anode materials. Rastic
attention will be paid to the positioning of the work in relation to the literature in the field. We will

also present the potential challenges of lithiom batteries

Thereafter, the manuscript is structured in articles exposing the obtained results, and
each article is preceded by an abstract, describing in a succinct way the results reported in this
article. The different results reported, discuss the mechartishe arigin of the control of the
morphology, in the case of the hydrothermal synthesis of m&Edoparticles. The roles of the
specific surface and the porosity of the anode materials, in the determination of the performances

of the lithiumion batteriesill be illustrated

The last chapter will be devoted to the general conclusion, which summarizes the main
results of the thesis, and highlights the contribution of the work done to the identification of key
parameters for the preparation of lithiiom batteries with bett performances. In addition,
following the conclusion, ways to improve the performance of lithiom batteries will be

discussed, and may be the subject of perspectives for the continuation of this thesis work
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In recent years, a new class of mesr has emerged, with the development of new
synthesis methods and characterization tools, such as the scanning tunneling microscope and the
atomic force microscope. This class of material at the nanometer scale, offers a new configuration
where the atomis volume are in negligible proportion compared to those of the surface. Moreover,
their dimension becomes of the same order of magnitude as a certain number of physical quantities,
such as the Bloch walls {4] or the mean free path-J]. These materia] commonly called
nanomaterials, offer new properties, which differ from those of the solid material of the same
chemical composition. Nanomaterials have the specificity to offer new parameters, for the control

of their properties, which are: their sizleeir morphology and their assembly4B

Currently, nanomaterials are identified as a driver of development in the field of innovative
materials, and at the origin of many disruptions and technological revolution in several areas.
Nanomaterials are alhe heart of many revolution in the field of renewable energies and energy
storage systems. They offer scientists and industrialists the possibility to elaborate new materials
from nanomaterials as elementary building blocks, to obtain the propertiesamgdessptimize

the targeted application.



In the field of batteries, electrode materials have the difficult task of meeting several
challenges to improve the performance of batteries in terms of estergge charging time and
life span(cyclability). Electrodes based on nanomaterials dffethe batteries the possibility to
have a significantly higher storage capacity, as well as an increased charging Bpaethoscale
of nanomaterialsffers a large specific surface and porosityiclHacilitates the diffusion of ions
and allows them to easily access the surface of the electrodes. This, in turn, allows for a significant
reduction in recharge time and an increase in storage capacity. The miniaturization of batteries is

also made pogide by the use of nanomaterials

In the case of lithiurlon batteries, the anode, which is the negative electrode, is usually
made of graphite. Titanium oxide is another alternative to graphite as an anode material, and it has
the advantage of being naoxic, inexpensiveand fairly avdable. In addition, titanium oxide

anodes improve the performance of lithiimn batteries, especially the safety

Methods of synthesis and properties of titanium dioxide nanomaterials

Titanium dioxide is a material, which is found in naturaherals with contents ranging
from 45% (ilmenites) to 95% (rutiles). Titanium dioxide crystallizes in different polymorphs, of
which the best known are: anatase, rutile, brookite and-BiQO'iO2 polymorphs differ in their
crystal structures, as well astheir physicochemical properti@he remarkable properties BiO2
make it a raw material of choice for various applicatidn®, nanomaterials are frequently used
in many industrial sectors, such as automotive, food, cosmetics etc. The Europearptonsafm

TiO2 for industrial applications reached 7 million tons in 2016 [5]. The strong and growing demand



for this raw material has led to the development of industrial processes fesdatgeroduction,

but also to the development of synthesis methmal a laboratory scale. The growing interest in

TiO2 is largely due to its interesting photocatalytic properties, exploited in jpudlition and
renewable energies, such as photovoltaics. Moreover, its harmlessness and its low production cost
make it an interesting material from an industrial point ofwi€O> being the most photoactive

compound under ultraviolet (UV) light

The properties of nanomaterials depend strongly on their size, morphology, composition,
crystallinity and assembly. ThoseT- at the nanometric scale also obey this rule. Handhe
propertiesstructure relationship in the caseTaD. nanomaterials has been the subject of several
reviews in the literature [8]. Until now, the relationship between the propertiesTdd:
nanomaterials, in particular the architecture of thegembly, and the performance of the devices
integrating them is not yet fullunderstood ands the subject of contradictory reports in the
literature. The observed disagreements are related to the different parameters of the synthesis
method, leading tothe formation of TiO> nanomaterials, with different physicochemical
characteristics. Depending on the parameters of the synthesis method, different morphologies were
obtained, with better control of size and composition. If the nanosph&teghe mosabundantly
prepared morphology fariO2 nanomaterials, a whole zoology of morphologies has been reported
in the literature, such as, nanotubes, nanowires, nanoribbons, clfaneetc Even if the protocols
allowing the synthesis of these morphologies @&l established, the phenomena of their

formation are still poorly understood. In the rest of thapterwe will focus on the synthesis



methods ofTiO2> nanomaterials, and we will focus on the hydrothermal synthesis and on the

phenomena that control the morphology

1.1. Synthesismethodsof TiO2

Different synthesis techniques have been used for the elaboration :ohdnOmaterials,
which can be classifiedhi3 categories: chemical or physical methods in liquid or gas phase, and
mechanical methods. In the remainder of this chapter, we will expose the most commonly used
synthesis methods. Then, we will focus on the hydrothermal synthesis method, because of its
numerous advantages, including its low cost, the possibilityasfjescaleproduction and a better

control of the shape and size of BiO

1.1.1. Mechanical synthesis method
Mechanesynthesisor ball milling is a method that consists of grinding a micrometric
powder ofTiO2, by means of a mill using tungsten carbide or agate balls. At a high grinding speed
of about 710 rpm, it is possible to obtain a nanosized paWder [8]. During the milling process,
thetransformation of the anatase phase into rutile can take place [9], which is one of the advantages
of this method sincehis phase transition usually requires high temperatures. On the other hand,
this method also has the advantage of being inexpensiveasydto implement, but it has the

disadvantage of not offering better control over the shape and sizeToOtheanomaterials



1.1.2. Synthesis nethodsin gas phase

In this section, we will give some examples of gas phase synthesis techniques

1.1.2.1 Synthesis by physical deposition in gas phase

The processes of physical deposition in gas phase (PVD), designate the family of techniques
allowing the elaboration of thin layers. They do not involve the chemical reaction of a precursor,
but rather the eymration of the bulk material to be deposited. The material is first placed in a
crucible, which is heated by an electron beam-fBHD) or a laser (PLD: Pulsed Laser Deposition).
The atoms of the evaporated material deposited ora substrate, where tmeicleation/growth
processes of particles or films take place I19. Among the methods that belong to this family of
synthesis methods, we find the sputtering technique [12], the radio frequency (RF) technique [13],
the ion sputtering and the moleculatr g¢pitaxy [1415]. These techniques offer a good control of

theparticlesgrowth butsuffer from a low production and a rather high cost

1.1.2.2 Synthesis by chemical gas phase deposition
Chemical vapor deposition (CVD), unlike PVD, involveshemical reaction during the
deposition process. The precursor is evaporated in an oven, and then transported by a carrier gas to
a substrate, where it is condensed to form solid nanomaterials. This synthesis technique is widely
used for the elaboration dfin films. By controlling the synthesis parameters, such as carrier gas
flow rate, pressure, temperature and geometry of the deposition reactor, various geometries of

nanomaterials have been obtained B4



1.1.3. Synthesis methodin liquid phase.

1.1.3.1Sokgel synthesis method

The solgel technique is a process wifaterialselaboration (ceramic, organricorganic
hybrid, thin layers), in solution and at room temperature. This process takes place in two steps, first
the hydrolysis of a titanium precursgenerally an alkoxide (Ti(OR)where R is an alkyl radical
of the methyl, ethyl, isopropylr tetrabutyl type, leading to the bonding of a hydroxide group with
the metal atom. Subsequently, the condensation of the hydrolyzed product leads to ibe wiitiat
the nucleation/growth process, which leads in a subsequent step to the formation of a colloidal
solution. The latter is transformed into a solid gel after evaporation of the solvent. During these
reactions, an acid or basic catalyst is added, sadiCGL, NaOH, NHOH etc. By varying the
synthesis parameters, such as pH, precursor, catalyst etc. it is possible to control the properties of
the synthesized materials, in terms of simerphologyand phaseDifferent morphologies have
been obtained, uginthe sol gel synthesis process, such as nanowires, nanoparticles, nanoribbons
etc.[20-23]. The family of sol gel synthesis techniques also includes the methods of synthesis by
precipitation, which consists in mixing two solutions of reagents, to obtsatich product after

precipitation

These sebel synthesis techniques have the advantage of being easy to implement, flexible,

and allow to obtain pure materials and homogeneous deposits on large surfaces

1.1.32 Methods ofelectrochemical synthesis

10



Electrochemical methods, in particular electrodeposition, are frequently used for the
elaboration of nanomaterials and thin filmsTaD.. To implement the electroplating process, two
electrodes are needed, one acting as anodethen other as cathode. The two electrodes are
immersed in an electrolyte, ensuring ionic conduction between the two electrodes, and containing
the salt of the material to be deposited on the cathode. The most commonly used titanium precursors

are: TiIO(SQ), (NH4)TiO(C204)2, TiCla.

For the control of the morphology of electrodeposited nanomaterials, different approaches
have been used. Alumina molds as anode, is one of the approaches for the prepafaben of
nanotubes. On the other hand, by using tharpaters of the technique, such as potential, precursor
concentration, electrodeposition time, current dengtyperaturegr PH, it is possible to control

the morphology and crystal structureTo©; [24-25].

1.1.33 Hydrothermal andolvothermal synthesis methods

These methods include different synthesis techniques, taking place in a solvent at high
temperature and high pressure. When the solvent is an aqueous solution, it is called hydrothermal
method, and when it is an orgargoluion, it is called solvothermal method. The synthesis is
carried out in a sealed steel vessel called an autoclave (Figure 1). In the case of hydrothermal
synthesis of TiQ, the chemical reaction between a titanium precursor and an agueous solvent is
carried out in an autoclave at a temperature higher than 100°C and at a pressure higher than 221.2
bars. Under these conditions, the densities of the water gas and liquid are close, and the chemistry

of the cations in solution is significantly modified

11



Figure 1 : Photograph of a Parr company reactor used for hydrothermal synthesis

The most used Ti precursors are titanium alkoxide Ti(OR) in the presence of acids, such
as TiOSQ, HoTiO(C204)2, TIO(NGs)2, amorphous gels ofiO2, nHO or TiCk, TiCls, TiOCl,
[26-30]. The first works on the synthesisTaO2 by the hydrothermal method were performed by
Kasuga et al [31], later this technique was taken up by Armstrong et al for the prepardton of

nanowires [32]

These methods offer the advantafipreparing powders and nanomaterials on a large scale
with perfectly controlled physicochemical characteristics, such as size distribution, morphology,
purity, homogeneity, composition, structure, etc. They also have the advantage of creating unstable
crystalline phases under standard conditions. Thus, it is possible to form only the anatase phase or
the rutile phase or a mixture of both. This control of properties is made possible by adjusting the
synthesis parameters: reaction time, precursor contentfa3-35], temperature [388], pH [39

43], addition of additives and press{«d].

12



By using oxidants, such as®b, it is possible to prepafBO: crystallites by a dissolution
precipitation mechanism. The addition of additives, such as NaX where X cantie $Q or
OH, allows the synthesis of different morphologies, such as nanowires, nanoribbons, nanosticks,
nanotubes, and nanahms. Morever, the nature of the ion considerably influences the structure
of the phase of preparddO. powders, thus the use ofdhd SQ? ions allows the formation of

the anatase phase, while Blrather the rutile or brookite phags-50].

This process is used in industry, and allows the controlled preparation of various powders,

such as quartz (S Berlinite (AIPQy), as well as metastable phases, such as zeolites

In this thesis, we used hydrothermal synthesis for the preparafio®gppowders.For the
synthesis,He chemical reactor we used is an autoclave manufactured by the Parr company, with a
volume of 23ml (Figure. 1). The pressure in the reactautsgenous andepends on both the
synthesis temperature and the volume of the smlutsedThe synthesis temperatur@® between
180 °C and 220 °C, which allows to reach pressures ranging from 10 to 23 bars. Under these
conditions, the critical state of water is not reached (FJ@4374 °C and pc $0=221) butallow
to decrease sufficiently the dielectric constant of water and to influence considerably the reaction

equilibria

1.1.4. Structural and crystallographic properties of TiO2

TiO2 crystallizes under different polymorphs, the most known of which are: anatase, rutile,

brookite. These three polymorphs are formed by assembling an octahedral structural unit to form

13



different crystallographic structures ®iO,. This structural unit isdrmed by a Ti" ion which is
surrounded by six ®ions (Figure 2). Other polymorphs, eight in number, have been listed and
prepared from rutile structure: BronZ&@2-B), Columbite or srilankiteTiO- -1I) of the same
structure as PbOHollandite (TiQ-H), Ramsdellite TiO2-R) Banddeleyite T iO2-11l) [51]. These
polymorphs were observed at particular pressanestemperatures, for example, the baddeleyite

phase was observed at pressures of about 1(53pha

14
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Figure 2: (a) The different polymorphs @fiO- (b) Suggested mechanism of arrangement of the thirgddt@hedron
for the formation otherutile and anatase phadés].
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As schematized in Figure 2, the arrangement of the dotahedra will define the crystal
structure being formed. If the first stage of growth corresponds tomation of a dimer in which
the two octahedrons of Tg&hare an edge, according to the configuration formed by the addition
of the third octahedron, the rutile phase or mesh anatase is formed (Figure 2). The structure of the
rutile phase is formed by Tioctahedra, which share their two opposite edges with adjacent
octahedra, thus forming a chain (Figure 2(b)). For the anatase phase, theciElkedra are
connected by edges to form a zigzag chain (Figure 2(b)). In the casexB)TiBe TiQ octahedra
are connected to each other by edges, to grow in a chain along one axis and in a zigzag along
another axis (Figure 2(a)). The association of the chains by pooling their vertices is shown in
Figures 2(a) and 2(b). The rutile phase is thermodytalinistable at high temperature, while the
anatase phase is more stable at low temperature. On the other hand, the anatase crystallizes in the
form of small particles, under the conditions of low temperature and in solution of low acidity
unfavorable tohe dissolution of the solid phase formed. In solutions with higher acidity, it is rather
the rutile phase, which is more favorable, with the formation of particles of larger size. Moreover,
it is clearly established that the equilibrium of dissolujiwedpitation favors the formation of

rutile phase to the detriment of the anatase pl=ge

Other experimental conditions can have a considerable influence éornined phase or

phases, thus the hydrolysis of the Tif@lecursor in vapor phase leads to the formation of the only

rutile phase
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Furthermore, ions in solution can also have a control orfiotimeed phase or phases, as
already mentioned in the hydrothermal $yatis section. The stability of the anatase and rutile
phases also strongly depends on the size of fBg nanomaterials and their surface state. It has
been reported by theoretical studies, that the critical size for the anaiesghase transition
depends on the surface stateT@D.> nanomaterials. For example, the adsorption of water on the
surface ofTiO2 nanomaterials stabilizes the anatpbase andncreases the critical size for the

anataseutile transition to 15 nrfb5|.

1.14.1 Control of TiO2 morphology

Different morphologies offiO2 have been prepared by the hydrothermal method. The
synthesis offiO2 nanotubes was first reported in the literature by the group of Kasuga et al [56].
Almost all the works on the synthesisToO., with different morphologies, share the fact of using
the mixture of ariO- precursor and a concentrated solution of NaOH. This step is followed by a
heat treatment and a rinse with water or acid. Several parameters were varied, for the control of the
TiO2 morphology, such as the nature of the solid precursor (T3, TTiO2 anataseTiO rutile,
etc), the concentration of the alkaline solution {5 mol.L™?) and that of the titanium (0.61.62
mol. LY). Other parameters such as the synthesis and heat treatment temperature and time play an
important role. The size of the solid titanium precursor, the nature of the rinsing solvent (water
and/or acid) and the volume introduced in the autoclave contribatentool the morphology of

TiOx2.
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By controlling the synthesis parameters, different morphologies have been prepared,
such as nanosheet, nanotube, nanowire, nanobaguette, nanofiber, nanocore or nanoribbon. These

morphologies are classified in 4 famili@scording to Bavykin et §b67] (figure 3)

Figure 3 : The different nanotitanatenorphologies reported in the literature following alkaline treatment
(hydrothermal or thermohydrolysis) of precursor ZiQa) Nanosheet (b) nanotube, (c) nanowire, (d) nanofiber,
nanoribbon or nanobelt

The transition from one morphology to another wiaslied by the group of Morgan et al,

in a diagram based on the temperature of the heat treatment and the concentration of the NaOH

solution(figure 4)[58].

Figure 4 : Morphological phase diagram of TiQarticles (Degussa P25) after 20 h of alkaline treatment. The phase
boundaries are estimated from the relative concentrations of the nanostructures obtairag difftaction and
Raman spectroscofj$g].
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In the phase diagram, we distinguish three domeorresponding to those of nanoparticles,
nanotubes and nanorubans. It cannbécedthat nanotubes and nanorubans are obtained and
favored by high temperatures and concentrations, and that the nanotube/nanoruban transition
happens at higher temperatwand concentration of solution. On the other hand, the formation of
nanosheets takes place at low temperature, and can be favored by short processing times. The
nanoparticle/nanotube transition zone is formed by a mixture of nanosheets and nanotubes, whic
may suggest that it is probably the nanosheets that evolve into nanotubes, through coiling
mechanisms (Figure 5). The details of these mechanisms remain very controversial in the literature

and it is an open guestion

Figure 5: lllustrative diagram othepossible mechanisms of nhanotube formation from nanosheets: (a) spiral
winding of a nanosheet, (b) bending of a few nanosheets and (c) direct production of concentric multiwall nanotubes
Three configurations afianosheet winding have been reported in the literature [59]. As
shown in Figure 5, there can be spiral winding of a nanosheet, bending of a set of nanosheets, to
form an onion structure or concentric assembly of nanosheets. Among these configurations, the
spiral winding of nanosheets is the most observeebfJOHowever, onioftype nanotubes [63]

remain very rare and concenttigoe nanotubes very unlikely
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Given the different controversial results in the literature, it is very difficult to lean towards
one mechanism and not another. The mechanism of formation of nanoribbons, remains unknown

and subject to debate in the literat{6d].

1.1.5. Relationships Properties and applications in the case of T¥hanomaterials
1.1.5.1Electronic and opticghroperties of TiQ.

The properties ofiO», are mainly related to its electronic band structure, which is different
for each of its phase%iO: is a semiconductor, which has a large band gap, located between the
valence band maximum and the conductiordb@mimum. Moreover, the valence band is formed
by the porbitals of oxygen, while the conduction band is formed by thebdals of titanium. For
the bestknown polymorphs ofTiO», the energy of the band gap is 3.26 eV, 3.05 eV and 3.14 eV

for the anatas rutile and brookite phases respectively

When TiQ polymorphs are irradiated by a UV photon flux, with an energy equal to or
higher than their band gap, the electrons ofvidlenceband are excited by absorption of a UV
photon and pass into the conduction band. Following this absorption phenomenernisddroied
in the valence band at the femtosecond scale and an elbaclmpair is created. The latter diffuse
in the material, to be trapped either in volume, or in surface at time scales respectively of the order

of 10 ns and 100 ns, before recombgnat time scales between 10 and 100 ns

In addition, TiQ has very interesting optical properties, including a very high refractive

index required for transparent components with antireflective propedie®ng the three most
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known phases of Ti§)the utile phase has the highest refractive index and is able to reflect 96%
of the light in the visible range. This property gives micrometric pi@vders a white color, which
makes them the pigments of choice in industry (paints, coatings, plastics, irdisines and

toothpastes, food coloring...).

1.1.5.2Applications of TiQ nanomaterials

Titanium dioxide has remarkable properties, which make it a material of choice for many
industries, such as automotive, food, cosmetics etc. The first commercialigdi@O2 was in
1921, as a pigment in paints. Moreover, the degradation of these pigments under the effect of
sunlight, highlighted the photoactivity ®fO. around 1929, and the results on tisedloration of
pollutants were published in 1938 [65]. Mashio et al was the first to use the terminology
"photocatalysis" in 1956, to designate the oxidation of alcohol under irradiation. The dissociation
of water under light exposure, also called photasly& produce hydrogen and oxygen usiig>
was achieved in 1972 [66]. The low potential of the valence bahiDef makes it very oxidizing,

when exposed to high energy radiation such as UV rays.

TiO2 has also been used in the food industry asl@arant under the referencelZ1. In
addition, TiO2 is used in the cosmetics industry, in particular in sunscreens with high protective
power, for the elimination of UV radiation harmful to health. The antibacterial properfie® pf
have been widely udeor sterilization and thus elimination of bacterial germs{8Y. The team
of Fujishima et al. highlighted another property T2, which is the photoinduced super

hydrophobicity upon exposure to UV radiation. Based on this property, tHegging gplication
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was developed [73]. On the other hand, by combining the two propertie3if
superhydrophilicity and photocatalysis, another application as leatiing coating has been
developed [74]. Indeed, the photocatalytic property ensures the dggradf pollutants on the
surface by oxidation, and the superhydrophilic property takes care of their removal thanks to the
water film on the surface [75]. Sai®obain has used these propertieS i@, to develop sel
cleaning glasses. Gas detectionnistaer application oTiO>, using the variation of its electrical

conductivity when interacting with a gp&|.

In addition, TiO> has been widely used in the energy field for various solar energy
conversion and storage applications. In 1991 Gratzel and O'Regan [78] develosetsliized
solar cells, based dnO2 sensitized by a dye to be able to absorb in the visible and thépeetral

regions TiO2 has also been used as an anode materibiHome-ion batteried79].

State of the art on Lithium-ion batteries

The exploitation of renewable energies has raised the issue of intermittency, and to remedy
this and ensure thestitution of energy on demand, various storage systems have been developed.
These are classified into several families, firstly batteries which are primaryeaoargeable
systems, and accumulators which are secondary reversibly rechargeable systeing &di
convert chemical energy into electricity. Finally, the term "battery” refers to a set of several

accumulators, connected in parallel or in series
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Historically, leadacid batteries were the first to meet the need for energy storage, for 150
years and still exist. Tise batteriesare mainly used in the automotivedustry andhave the
advantage of being economical and easily recyclable, but nevertheless have the disadvantage of
having a relatively low energy density (Figure 6). Moreover, bexafl their weight, they are not
adapted to portable technologies (figure 6). The presence of lead in these batteries makes them very
dangerous pollutants for the environment and health. In 1950, nickel cadmium batteries were
developed, and for years thexre the consumer technology. Because of the toxicity of cadmium,
the marketing of these batteries was imposed the respect of certain rules for the protection of the
environment. NiMH (Nickel Metal Hybrid) batteries were developed in the 1990s. This yawhil
batteries offers the advantage of having a moderate memory effect, but a low storage density (figure
6), and poor performance at low temperatures. Another handicap of these batteries is their high

self-discharge rate of about 30% per manth

Currently, among the family of secondary batteries, lithiom batteries are the most

suitable for portable technologies. They offer both a high theoretical energy density of 38§0mAh

(Figure 6) and a high voltage, as well as a lowdsi€harge of abolit0% per year
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Figure 6 : Comparison of gravimetric and volumetric energy density for different secondary bd®&€ties

2.1. Chemical constituents of batteries
In general, a battery consists of a cathode and an anode, which represent the positive and
negativepoles,respectively. The two electrodes are separated by an electrolyte and connected to

the external electrical circuit by means of a current collector

2.1.1 electrolyte
For Lithiumrion batteries, different electrolytes have been used in ligeigpr polymer
form. The electrolyte used must have a good ionic conductivity, but its electronic conductivity must
be low to avoid shottircuiting the battery. The electrolyte used in lithiion batteries often
consists of a lithium salt dissolved in aalgr aprotic solvent. During operation of the lithiiom

battery, oxidation or reduction of the electrolyte can occur, as none of the components of the
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currently used electrolytes can remain electrochemically inert between 0 V and 4.5 V with respect

to Li* /Li.

Alkyl carbonates have been used extensively as solvents in lHbiuratteries. Cyclic
esters, such as propylene carbonate (PC) and ethylene carbonate (EC), are added to the electrolyte
to improve its ionic conductivity. These solvents have the advawofalgaving a high dielectric
constant, a consequence of their high dipole moment, and their strong intermolecular bonds give
them a high viscosity. Other solvents, such as diethyl carbonate (DEC) or dimethyl carbonate
(DMC) are added to the electrolytereduce the viscosity of the mixture. In order to improve the
performance of the electrolyte, other solvents have been developed and tested, such as butylene

transcarbonate [81] and chlorinated [82] and fluorinated alkyl carbof@gks

2.12 The positive electrodes: Cathode
As cathode materials, lithiated transition metal oxides, such as ki@uDLINIO; have
been used extensively, due to their better electronic conductivity and reversiditityuoh-ion
intercalation at high potentials (Figure 7). Other materials, such as0idm LiFePQ have

been used because of their low cost and low toxicity.

Among the developed materials, LiCp@mains the material of choice frequently used in
commercialized lithiumon batteries. Its lamellar and hexagonal structure gives it a theoretical
capacity of about 274 mAd corresponding to the intercalation aflithium ion at a potential of

4V compared to LiLi. Even if LICoO, presents several advantages, it suffers from a handicap
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related to the irreversibility of the intercalation of lithium ions. This is due to phase transitions in
the material, during ietrcalation at potentials higher than 4.2V. Furthermore, the dissolution of Co
and the irreversibility of lithium intercalatidead to a decrease of the battery capacity to about
150 mAh/g, which correspondstteeintercalation of 0.5 moles dithium per mole of cobalt. To
remedy this problem, solutions have been reported in the literature, such as the deposition of

coatings based on Zp(84], MgO [85], ALOs [86] or AlF3 [87-89], to protect the cathode.

Until today, the LiCoQgraphite coule remains the most abundantly used, for lithiiom

batteries, because of its better performances, opegiegtial,and mass capacity

Figure 7 : The most used electrode materials according to their capacity and pd&fjtial
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2.1.3 The negative electrodes: Anode
Different materials have been used as anode materidighfam-ion batteries (Figure 7).
Spinel type materials such asTisO12 have been used, but due to their very limited performances,
such as, their low capacity of 175 mAH.gnd their voltage of 1.5 V compared td Ui, have
been the reason of their perennia.udn the other hand, timased materials, such asCuSn [91]
and CudSns [92] have also been used. Other materials have been investigated, such as those based

on aluminum, silicon and antimof93].

Among these materials, carbonaceous materials have been used in abundance (in particular
graphite), because of their better cyclability, their low cost, their electrochemical potential close to
that of lithium and finally their lightness which favors these in portable technology. It has been
shown that the theoretical capacity of graphite is 372 igpAthich corresponds to a maximum

insertion of one lithium atom for 6 carbon atoms @)iC

One of the problems encountered with this type of anotleipresence of an irreversible
capacity, during the first cycles of the battery. This is due to the formation of a passivation layer
on the surface of the electrode, and the consumption of part of the cathode and lithium in the
electrolyte. In spite of B drawback, carbon graphite offers a significant advantage, which is its

low volume variation (<10%), when intercalating lithium ions

The graphite structure is formed by graphene sheets linked by weak Van der Waals bonds.

Lithium ions are inserted beeé&n the graphene sheets and in the defects of the sheets, this generates
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different insertion rates, which results in different potentials between 0 V and 0.25 V with respect
to Li*/Li [94]. Graphitebased anodes offer interesting performances, which depetheir crystal

structure, size, morphology, specific surface, poropityity, and surface compositida5|.

Nevertheless, the capacity of graphite remains limited, due to the small number of
lithium ions that can intercalate in its crystallisgucture. Other carbon structures, such as
nanotubes, offer a high capacity of up to 1000 mAh/g, when the structure has several defects [96].
Despite their high capacity, these materials have the disadvantage of being expensive and highly

irreversible dung the first cycles

The development dfthium-ion batteries, which have a high cyclability and thus a long
lifetime with better performance, remains a challenge until today. Titanium dioxide as an anode
material could be a potential candidate, to oware the problems faced by other anode materials.
Titanium oxide has several properties, which can improve the performance ofitmiratteries,
it allows a reversible and more stable reaction with lithium compared to graphite, which promotes
a long sevice life. AlthoughTiO2 as an anode provides some improvements to the performance of
lithium-ion batteries, there are still some challeng@®. has the property of having a higher
potential than graphite, which makes it a material of choice for longgnkeng life applications
such as laptops and smartphones. The insertion of lithium ions into the anode materials is done
according to different mechanisms, with or without a significant volume variation. We can

distinguish:
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Intercalationmaterials:

In intercalation materials, lithium is inserted into the vacant sites of the crystal structure.

The materials mentioned above, such as;T@long to this family of materia(igure 8).

Alloys:

Another mechanism of insertion lithium ions into electrode materials is the formation of
an alloy (Figure 8). Many metals and semiconductors react with lithium, and among these materials

we can mention, tin, silicon, germanium, ¢87-99].

Among the advantages of these materialsabilty to accommodate more lithium ion than
intercalation materials, giving them a greater theoretical specific capacity. Silicon offers the highest
theoretical capacity of 4200 mAh Their insertion potential is generally slightly higher than that
of graphite. This helps to reduce the risk of lithium metal deposition on the surfacest#dtiede
and allows satisfactory voltages. Unfortunately, these materials have the disadvantage of a
significant volume variation during the insertion of lithium i@msl the formation of alloys (200
to 300%). This volume variation is accompanied by strong mechanical constraints, which results

in the disintegration of the electrodes, a bad cyclability and a reduction offttaire.

TiO2(B) accommodates Lions better, compared to other polymorphs, to forgfi2(B),
with, x, the maximum coefficient of intercalation of lithium ions i@, and which is between
0.70 and 0.82, and depends on the size of the nanoparticles and the range goteptial [100

102]. Indeed, the structure ®fO2(B) has infinite parallel chains of Tgkdctahedra in the three
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crystallographic directions and which offer a space between the chains, which can accommodate

lithium ions without significant distortionfa@he structurg103].

Conversion materials

In the case of these materials [103d5], the mechanism of insertion of the lithium ions is
done according to a conversion reaction (figurd Bjs reactiorconsists in transforming the oxide
into metal, of different nature and structure. Among thesermaktewe find the transition metal
oxides, such as CoO, CuO and:B¢ The conversion reaction takes place according to the
following reaction scheme

MO + 2Li* + 2e < 0o+ Li2O

With M=Co, Cu, Ni, Fe. This reaction leads to the formationmetallic nanoparticles
trapped in an amorphous matrix ofQi The capacity of these materials can reach up to four times
that of graphite. Even if these materials offer the possibility of having high capacities, they have
the disadvantage of having slowaction kinetics, which results in the appearance of a strong

polarization of the systefd06].
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Figure 8: lllustrative diagram of the different mechanisms of insertion of lithium ions in the electrode materials of a
lithium-ion battery. The blackircles represent the gaps in the crystal structure of the solid, the blue circles the metal
atoms,andthe yellow circles the lithium iond.07).
2.2. Operating principle of lithium -ion batteries

When anelectronic device is powered by a lithidon battery, the battery undergoes a
discharge process, during which lithium ions"jlinove from the negatively polarized anode to
the cathode, which is more positively polarized (Figure 9). When the batterscisadyed, the
lithium ions aredeintercalatedat the anode and intercalated into the cathode material (Figure 9).
The electrolyte, which has a good ionic conductivity, ensures the movement of lithium ions
between the electrodes. In addition, electronserfoem the anode to the cathode. In the case of

the battery charging process, the phenomenaesersedand the lithium ions move from the

cathode to the anode, while the electrons move in the opposite direction
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Figure 9 : lllustrative diagram ofhe operation of a lithium ion battery, during discharge (left) and charge (right).

During the discharge process, in the case of a graphite anode and a ti@lo@le, the
electrochemical reactions at the electrodes are the following:

At the anode: Théithium metal trapped in the graphite is oxidized int6 idn, which
passes into the electrolyte (Ed)).

LiCe=6C+Li*+ef Eq (1)

At the cathode: Lithium ions are reduced to lithium atoms and are inserted into the mixed oxide

(Ea.(2)).
LizxCoQp + X Li* + x e’ = LiCoO, Eq(2)

2.3. The electrical parameters characterizing the batteries
Thecharacteristic quantities allowing to compare the performances of different cells are

detailed below
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- The cell voltage (E), or electromotive force (e.m.f.): corresponds to the difference between
the potential of the positive electrode and that of ikgative electrode, and depends
strongly on the materials of the two electrades

- The capacity (Q): corresponds to the quantity of charges that the battery can restore at a
given current, it is usually expressed in Ampkaoeir (Ah). The optimal functiongof a
battery is reached when the capacities of the anode and the cathode are equal (same charge
tank). The performance of the electrodes is evaluated by their specific capacity or mass
capacity. The theoretical specific capacity depends on the numblkectins that can be
exchanged during a single charge or discharge per mole of active material, as expressed by
equation 3
Capacityrheoretica= (F X Ne” exchanged / (360XM) (in mAh.g* or Ah.kg?) Eq(3)

With, M, the molar mass of threaterial, and, F, the Faraday constant

- Energy: corresponds to the product of the electromotive force of the battergchyatsty
andis expressed in Wh or kWh. In addition, it corresponds to the area under the voltage
curve as a function of capacitys ahown in Figure 10. The energy density is the most
commonly used, to compare different battery technologies, and is expressed in Wh/kg or
WHh/L. As all the components of the battery are not electroactive, but contribute to its total
mass and volume, thetaal energy density is lower than the theoretical energy density,
calculated taking into account only the electrode materials. In practice, capacity and energy
are often reduced to the volume or mass of active material or the generator itself

- Power: corresponds to the speed at which energy can be supplied or extracted from the

battery, and is expressed as the ratio of energy to time
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- State of Charge: corresponds to the percentage of available capacity of the battery (SOC:
State of Charge). Wive compare the battery to a tank, the state of charge reflects the level
of charge of the tank

- The internal resistance: It evaluates the voltage drop when the current passes through the
battery. To maintain the performance of the battery, it is necegsaegluce its internal
resistance. It is a characteristic, which evolves according to the temperature and time

because of the ageing of the battery

|
Energie restituée:

ipar la batterie !
1 E=VxQ (Wh) !
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Figure 10: Curve of the voltage versus the capacity characterizing the discharge of a battery

- The cycling regime C/n: corresponds to the theoretical capacity obtained during the charge

in n hours

2.4. Parameters affecting battery performance
Often the lithiationdelithiationphenomena are accompanied by a volume expansion of the

electrodes. The consequences of this variation in electrode volume are, on the one hand, the
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electrical disconnection of part of the electrode and, on the other hand, the delamination of part of

the dectrode from the current collector [108], which leads to a drop in the battery's capacity

2.4.1 Effect of the electrodesnanostructuring
The nanostructuringf the electrode limits its degradation and improves its lifetime.
Therefore the number of charge/discharge cycles is considerably increased, as long as the
deposition of lithium metal on the electrode is not favored. Moreover, the operating temperatures
are between less than 30°C and about 45°C, and the use of nanostructured materials does not

increase the manufacturing cost of the electrodes

By analyzing the Einstein equation (Eq. 4) we can see that one of the ways to reduce the

diffusion time is tareduce the size of the materials

t=c®/(2DL) (4)

With, d the diffusion length, t the diffusion time and; e diffusion coefficientwhich is
considered constant at a given temperature. It has been reported in the literature that a reduction
in size from 100nm to 10nm, decreases the diffusion time from 300 to 3s for a diffusion coefficient
of 10%2 cné/s [109]. Other works in the litature have confirmed this result, and have shown in
the case ofiO2 nanomaterials, that a decrease in size improves the insertion of lithium ions (Figure
11). This decrease in size is accompanied by an increase in the specific surface area, and makes it

possible to reach capacities higher than that of the bulk material of the order of 165mAh/g
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corresponding to the insertion of 0.5 Li. The rate of intercalatidn®a nanoparticles is increased
in comparison with their massive form for brookite [41111], rutile [112113] and anatagd. 14

115.

Figure 11 : The curves represent the first galvanostatic discharge, of a commercianti@ with different
nanoparticle sizes, and of a nanoporous, Ei@bde[116].

It is very important to note that, if the nanostructuring of the electrodes improves the
performances of the lithiunon batteries, it allows the exposure of a very large surface of the active

material to the electrolyte, which exalts the reactions ofadiegion of the latteil17].

2.4.2 Effect of electrode porosity
In addition to the reduction of the diffusion length, and the increase of the specific surface,
brought by the nanostructuring of the electrodes, other parameters, such as the control of the

porosity, can considerably improve the cyclability of the lithilom battery. Indeed, the porosity,
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in terms of pore size and distribution, favors the penetration of the electrolyte into the electrode
materials, and allows to reach the majority of their surface. Moreover, this porosity created in the
electrode, allow$o reduce the diffusion length of the lithium ions, whad$o reducethe time of

the charge and discharge cycles. In addition, the large specific surface of the electrode considerably
improves the insertion of lithium ions, and therefore the capacityedbattery. The porosity also
participates in the accommodation of thkectrodes volume variatiprduring the cycles of
insertion/desertion of the lithium ions. This improves the cyclability @fithiunion batterieslt

has been reported in the liure that the coupling between, the increase of the diffusion rate of
lithium ions in the interconnected network of pores, and the large surfd@®oih contact with

the electrolyte, participate to significantly improve the capacity antittietion/delithiationrate
[118-119]. Other results have shown that the homogeneity of the size, shape and interconnectivity
of the pores play a decisive role in improving the cyclability of the lithiombattery electrodes.

It was also reported, that the mesmmity of the electrodes gives better performance than the

nanoporosity, and the capacity can reach 300mAh{gdTLiO2) [120.

Liu et al, reported that the advantage of a mesopdri@sstructure to improve the energy
density of lithiumion batteries, lies in increasing the diffusion rate of lithium ions in the electrode
material [121]. Very recently, other authors have shownTi@@ nanosheets, allowed to expect a

capacity of 200mAh/gt 10C after 200 charge/discharge cy¢lg?|.
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2.4.3 Effect of electrode doping
The various Ti@ polymorphs suffer from their very low conductivity (10 167 S/cm),
which reduces their performance as battery insert materials. The low conductivity af EO

consequence of its large band gap, and the absence of electron aukhiayer of T4".

Doping is used as one of the ways to improve the conductivityf Depending on the
doping element and the doping technique used, the dopant can either insert itself in the gaps of the
crystal lattice or substitute itself to an atom of fhi@©: lattice. The doping elements insert
intermediate energy levels in the energy band gap@4. This allows lower energy electronic
transitions, which would improve the conductivityTo©> [123-125]. The dopants used can be of
type-p, with a valence lower than 4, that of Ti in Bj@nd which behave like acceptor centers
which capture the photoelectrons, and in a reverse way, the dopants-nfutythevalence higher
than 4, behave like don@enters [126127]. These studies have shown that a small amount of
dopant can significantly increase the conductivityf . Different elements have been used to
dopeTiOa, such as metal cations (transition or rare earth metals)l@2Bor anions (NF, C ...)

[136154

This way of doping to improve the conductivity ®fO, and thus the performance of

lithium-ion batteries, will not be studied this thesis work
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Conclusion

In the bestknown titanium dioxide compounds, namely anatase, brookite, rutile and
TiO2(B), titanium forms an octahedral structure with oxygens at the apices. The crystal structure
of these titanium polymorphs differs only the arrangement of the titanium octahedra ¢J;iO

which are assembled either through their edges, or through their vertices, or both.

In recent years, one of the most popular methods for the synth@s@3.afanomaterials is
hydrothermal synthesis. This method has allowed the synthesis of vaiusorphologies, and
the "Kasuga" group was one of the pioneers to show the contidDefmorphology, using a
solvatedTiO> precursor, in a concentrated NaOHusimin. The participation of the hydroxo ligand
in the solvation sphere of titanium, in a wide range of pH, strongly contributes to the condensation
of titanium oxides. This chemistry is still poorly understood and remains an area of investigation
for manyresearchers around the world. The condensation reaction can take place through two types
of nucleophilic substitution reactions: olation which leads to the formation of a hydroxo bridge and
oxolation which forms an oxo bridge between the metal cationsodifitation of the chemical
parameters such as the pH is sufficient to modify the condensation of the titanium oxides and leads

to products, structurally and/or morphologically different

Among the most synthesizddO.> morphologies are nanosheets, nahetij nanoribbons
and nanowires. During the synthesiF @2 in a concentrated solution of NaOH, two intermediates
are formed: titanates and titanic acids. Immediately after synthesis, sodium titanates are formed

with different morphologies as mentionedoab, depending on the synthesis parameters. The
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sodium titanate is transformed into titanic acid, after a process of ion exchange in acid medium.
The titanium dioxid€eTiO> is obtained, after annealing, and in general it is a mixture of phases.
Through thedifferent stages of synthesis, the phase changes but not the morphology. In the
mechanisms of elaboration of these morphologies, several questions remain open and controversial

in the literature and will be subject of interest in this thesis work

Anode materials for lithiuraion batteries are one of the applicationsTdd, materials.
During the discharge process, Ti@aterials allow the insertion of ions into the gaps formed by
the TiOz structure. Therefore, the less deds®: polymorphs will be potential candidates for
lithium ion battery applications. AmongO2 polymorphsTiO2(B) is the least dense, which makes
it the most suitable polymorph for this applicati®iO2(B) nanomateria offer several advantages
for lithium-ion battery application, they allow to reduce the diffusion paths of lithium ions, they
expose a large specific surface in contact with the electrolyte, which allows in addition to their
structure a great capacityldhium ion insertion. The advantagesio©2 as an anode material will

be discussed in this thesis work
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CHAPTER 11 Large Scale Synthesis Route of Ti®lanomaterials with
Controlled Morphologies Using Hydrothermal Method
and TiQ Aggregates as Precursor

Nanomaterials2021, 11, 365.

Summary

In this work, we have highlighted tpessibility of preparing titanium dioxide nanopatrticles
of different morphologies, using hydrothermal synthesis and an alkaline NaOH solution. Among
the parameters of the synthesis, which we have varied, are the temperature, the reaction time in the
reacto (autoclave), and the nature of the Ti@ecursor used for the synthesis. The nature of the
latter in the form of TiQaggregate, is original compared to the literature and has helped to better
control the morphology of the powders and to understandhdehanisms of formation of TiO

nanotubes and nanoribbons

In a first step, we used the TiO$@ecursor for the synthesis of Ti@anopowders based
on anatase phase aggregates of controlled size. The different characterizations have shown that the
aggrgates are formed by Ti¥hanopatrticles, whose size varies from 4 to 10 nm. Depending on
the synthesis conditions we obtained nanosheatsiuiaes, nanoribbons and nanoumshFor the
different morphologies, the synthesis time was lower or equal to Gibhvs a record compared

to those reported in the literature for other precursors.
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Moreover, the synthesis involves two intermediates: sodium titanates and titanic acids, and
it takes place in three steps. First, the synthesis takes placeauntaiave, then the powder
obtained undergoes ion exchange and the sodium titanate is transformed into titanic acid, which
undergoes a heat treatment in the last step. For reaction times of 6h and at the temperature of 100°C
or 150°C, we bserved the fornteon of nanourchms. The formation of this morphology, we
explained it by a mechanism of exfoliation/coalescence and disordered assembly,of TiO
nanosheetsAt the temperature of 200°C and for a time of 6h, we observed the formation of
nanoribbons of smathickness (<10nm) and a diameter of 50 to 100nm. For the temperature of
200°C and for the short times of 15min and 180min, we observedn@i@sheets and nanotubes
respectively. By a high resolution electron microscopy analysis, we have highlighteditigeaf
nanosheets, which evolves in a later time to a nanotube morphology. Moreover, we observed a
coexistence of nanosheets of the size of2Th@noparticles with nanosheets of slightly larger
diameter. These different morphologies are probably tlierédift stages of formation of the same
nanoribbon morphology. Indeed, probably during the synthesis in alkaline medium, there is
insertion of sodium ions in the structure of Ti&@ygregates and their exfoliation in a second step,
to form the nanosheets lafger size by coalescence. Our different observations are in the direction
of an exfoliation and coalescence, and not in the direction of a dissolution and precipitation of the
nanoparticles through the formation of Bi@tahedra, which will assembleefivards to form the
nanosheets. Our suggestion of an exfoliation/coalescence mechanism was supported by other
experiments. Using precursors of different sizes of ;Ta&ggregates, we have shown that

nanoribbons of different sizes are obtained in the sameetdin of trend as the aggregates.
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Moreover, as the nanoribbons are obtained at longer times under the same conditions as the

nanotubes, prove that there is a morphological evolution of the latter by a process of coalescence

Concerning the phasestbe different TiQ morphologies, we have shown thanosheets,
nanotubes and nanouioh crystallize under the T¥(B) phase, while nanoribbons in the form of
a phase mixture that depends on the synthesis temperature of the precursor and thus @f the size
the TiQx nanoparticles in the precursor. For a synthesis temperature of 100°C of the precursor, we
observed a phase mixture with a predominance of the Brookite phase over the anatase phase. For
a synthesis temperature of 200°C, we observed a(B)@ndase phase mixture with a

predominance of the Ti{B) phase.
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Abstract: TiO2of controlled morphologies have been successfully preggmicthermally using

TiO2 aggregates of different sizes. Different techniques were used to characterize the prepared TiO
powder such as XRD, XPS, FEGSEM, EDS, and HRTEM. It was illustrated that the prepared TiO
powders are of high crystallinity with défent morphologies such as nanobelt, nanourchin, and
nanotube depending on the synthesis conditions of temperature, time, and additives. The
mechanism behind the formation of prepared morphologies is proposed involving nanosheet
intermediate formation. Ftirermore, it was found that the nanoparticle properties were governed
by those of TiQ nanoparticles aggregate used as a precursor. For example, the size of prepared

nanobelts was proven to be influenced by the aggregates size used as a precursgntbetig. s
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1. Introduction

Recently, tremendous efforts have been devoted to developing innovative strategies to
synthesize nanomaterials with the desired morphologies and prop&dsularly the one
dimensional (1D) structure of T¥kManomaterials exhibits interesting properties compared to other
TiO2 nanopatrticles: it has lower carrier recombination rate and higher charge carrier mobility,
thanks to the grain boundaries and jiots absence. In fact, the electron diffusion takes place
through the junctions between nanopatrticles, inducing slower charge transfer by several orders of
magnitude [1]. In addition, it favors light scattering in the photoanode, which increases the light
harvesting [2]. Among the studied morphologies and materials, semi conducting nanostructured
materials such as nanowires, nanobelts, and nanotube have received particular attention, due to
their use as photoanaode for potential applications in differeas @uch as photovoltaic [2], photo

catalysis [3], gas sensing [4], and water pkeybtting [5].

Tuning the size and the morphology of materials is becoming a challenging goal in
materials science. Over the past few years, various synthesis methopiotaedls have been
developed t@ontrol the semconducting nanomaterials morphology, including vaquid solid
(VLS) [6], solutiondiquid ssolid (SLS) [7], templatdased synthetic approaches [8,9], arc
discharge [10], laser ablation [11], chemical aageposition [12], microwave [13,14], and <ol
gel [15]. Among these synthesis methods, which mostly brought contamination to the synthesis
products, the hydrothermal technique has been proven to be a simple and straightforward method
using noncomplex appatus, scalable for large production, with high chemical purity, allowing a

large rang of nanomaterial sizes and morphologieslfl6 Furthermore, the morphology of
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prepared Ti@nanomaterials bysing hydrothermal method was demonstrated to depend on the
concentration of alkaline solution, the synthesis temperature and time, the material precursor used

[17-18], additives, Pressure, pH, and the reaction mediur2B]9

Additionally, the hydrothermal method allows the control of @® Q R S Dagiveg&tionH 1 V
[26]. The most reported strategy to control the morphology of oxide nanomaterials is based on
using organic surfactant, which adsorbs on a selected crystallographic plan of growing nucleus,
leading to a change of its orientation and growth.r&his results in controlling the morphology
of the obtained nanomaterial at the final growth stage [27,28]. Additionally, strategies based on
aggregation/coalescence of nanomaterials were reported and demonstrated to be efficient in
controlling the morpblogy of the final synthesized powder [29]. The exfoliation step was also
reported to be a crucial step in the formation mechanism of prepared morphologies [29]. Most of
the studies are based on nanomaterials aggregation/coalescence processes, aadttoftbaerb
knowledge, very few are based on exfoliation/aggregation/coalescence processes to explain
synthesized morphologies. In the case of;Tn@uomaterials, there is still a misunderstanding of
the mechanism behind the formation of reported morphedcand particularly nanotube, nanobelt,
and nanourchin. Some authors claimed that thd i@z nanosheets exfoliation step is the crucial
step in the mechanism formation of different morphologies, whereas other authors stated that it is
the dissolution offiO2 nanoparticles into Ti®octahedra, followed by N&izO; nucleation and
growth, forming a nanosheet in a later stage [29]. Furthermore, it is well accepted that different
polymorphs of TiQ nanomaterials are formed by different arrangements of dé@hedra. In fact,

the growth of anatase tetragonal polymorph proceeds through face sharing arrangements of TiO
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octahedras, whereas the rutile tetragonal phase growth takes place throueghaeige
arrangements. Furthermore, the Brookite phase is obtBindaOs octahedra assembly, sharing

their edge and corngwhereas in 5O (B) (bronze) phasd,i** ion form two distinct geometries

with oxygen: octahedron in one case and a square pyramidal in the lotheddition, to
homogeneous size and morphologyepared Ti@ nanomaterials using hydrothermal method
exhibit several characteristics such as high crystallinity, an accurate control of different
crystallinity phases from anatase to rutile depending on the synthesis and annealing temperatures,
and high pecific surface [30]. It is well accepted that the anatase polymorph possesses a higher
band gap energy (3.3 eV) than that of the rutile polymorph (3 eV).

In the present work, different morphologies D> have been successfully prepared
hydrothermally using Ti@aggregates made of Ti@anoparticles as a precursor. The mechanism
behind the morphology control of prepared nanomaterials was discussed. It was found that the
prepared TiQ nanomaterials propees were governed by those of pianoparticles aggregate.

By controlling TiQ nanoparticles and aggregate sizes, it has been demonstrated that it is possible

to control the Ti@ nanobelt sizes.

2. Materials and Methods

2.1. Synthesis of TiQ Nanoparticles

For the synthesis of Tikhanoparticles, titanium (1V) oxysulfate hydrate (TiOSSigma
Aldrich, St. Louis, MO, USA) precursor was used. Furthermore, the synthesis caJa@gates
has been performed using a hydrothermal synthesis teghriige TiOS®@precursor solution was

prepared by dissolving 6.4 g of TIO$2.5 M) in 16 mL of distilled water under constant stirring
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of 750 r/min and temperature of 45 °C for 2 h to get a clear solution. Then the solution o TiIOSO
was transferred inta Teflonlined stainlessteel autoclave of 25 mL capacity. The heating rate
was of 2.5 °C/min, and during the synthesis, the temperature was maintained at different
temperatures of 100, 200 and 220 °C for 6 h depending on the aggregate size reqeir¢hisAft
synthesis in autoclave, a white BiPowder was obtained and was washed six times in distilled
water and two times in ethanol. Then the powder was dried overnight in the oven and annealed in
air at temperature of 500 °C for 30 min with the heat cdit5 °C/min. For nanourchin, nanotube,

and nanobelt synthesis, 0.5 g powder of;la@gregate was introduced in a Teflored autoclave

of 25 mL capacity. Then, the autoclave was filled with 10 M NaOH solution up to 80% of the
autoclave capacity. Durirttpe synthesis, the temperature was maintained at different temperatures
of 100, 150, and 220 °C with the heating rate of 2.5 °C/min and the synthesis time of 360, 180, and
15 min, depending on the required morphology. Afterwards, synthesis nanobeliepaatie
subjected to the washing and annealing protocols to obtain at the end of these processes: sodium
titanate. The latter product was washed many times with diluted HCI solution to attain a pH value
of 1. After that, the suspension was washed withlldidtwater several times to reach a pH value

of 7. Finally, the obtained powder was dried overnight in the oven, and annealed in air at

temperature of 500 °C for 30 min, with the heat rate of 5 °C/min.

All the chemicals are of analytical grade and usé@tomt further purification. The water

used in all the experiments was purified by Milli Q System (Millipore, electric resistivity 18.2

0 FP
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2.2. The Characterizations of TiQ Films

The morphological investigations of the prepared films were achieved awitingh
resolution Ultra 55 Zeiss FEG scanning electron microscope (FEGSEM) operating at an
acceleration voltage of 10 k&hd the higkresolutiontransmission electron microscope HRME

using JEOL 2100 Plus microscope.

The crystalline structure of T¥Owas determined by aK-ray diffractometer (Siemens
' ;5" XQLW LQ UDQJH IURP 1ificredding stepk dperatirfg &t 40 KV

accelerating voltage and 40 mA current using CUKMBDGLDWLRQ VRXUFH ZLWK

The chemical compositions of all the samples were determined by the FEGSEM using a
Princeton Gammd&ech PGT, USA, spirit energy disgsive spectrometry EDS system, and by X
ray photoelectron spectroscopy XPS realized wittay photoelectron spectroscopy (XPS), and
IRU WKH PHDVXUHPHQWY ZH XVHG D 7KHUPR . $OSK®ayDQDO\]H

VRXUFH K# JHH9 VBRW VL

3. Results and Discussion

Various powders were prepared using the alkali hydrothermal synthesis method and
varying synthesis temperatures and reaction times. To prepare these powdeaggféQates of
spherical shape and different sizes were prepared and used as precursors. TBEMFEG
characterization of precursor powders are shown in Figure 1, and it can be observed that the sizes

of spherical aggregates are ranging from 50 to 200 nm.
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Figure 1 .FEGSEM images of TiPaggregates obtained at different synthesis temperatajedq, ) 200, and
(c) 220 °C.
The XRD method was used to characterize the crystalline phase ofaggdegate
precursors, and the obtained results are depicted in Figure 2. Severadsobied peaks were
observed and are all assigned to Ja@@atase phagdCPDS No. 241272, which is proof of the

high purity of the prepared precursor powders. Adddlly, Scherer analysis was used to calculate
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the average crystallite sizes at the fmHiximum width of the intense peak corresponding to (101)

crystallographic plane, and were found to be 9.8, 24.7, and 30.4 nm, for the synthesis temperatures

of 100, 20Q0and 220 °C, respectively.

(101) Anatase
220°C
o 4) ‘ZOE
~ 211) ~
(220)
? "’J (163) ¢112 hl g 'MGM J\«.__
s
) Ti 200°C
n L
s = . | A
]
;HJ 100°C |
/] L L L l L 1

20 30 40 50 60 70 80
Angle (26)

Figure 2 . XRD pattern of TiQ nanoparticle aggregates prepared at different synthesis temperatures as indicated.

White powders were obtained using fi@ygregate precursors whatever the preparation

conditions, and their corresponding morphologies are depicted in Figure 3. As it can be observed,
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at the synthesis temperature of 100 °C, the morphology of the prepared powder is naittikiarchin

with a stretckd sheetike network (Figure 3a), whereas at a temperature of 150 °C, the
morphology is still nanourchilike but with a more rolled nanoshdite network (Figure 3b).

From these experiments, it is clear that the temperature increase favors the nauoshiegt

This could be explained by the fact that the crystallization enhanced by the temperature increase
tends to induce the microstructure to change into rolled nanosheet structure. In fact, to reduce the
surface energy of rolled structure, nanosheetiuce the defects and the distortion energy [32]. At

a higher temperature of about 200 °C, the FEGSEM characterization of prepared white powder is
depicted in Figure 3c,d. It can be observed that: a@vder is of nanobeltke and nanotube
morphologies with monodisperse size. The insert of Figure 3d shows a sticking of several
distinguishable nanobeltong their axis direction, forming bundles of nanobelts bsilding

unit. It can also be observed that their thickness is homogeneous and it mubflAnm, their
diameter is ranging from 50 to 100 nm with length of around 10 mm. In addition, the nanobelt
surface is smooth at the magnification scale, and no contamination was observed. As indicated in
Figure 3d, some curved nanobelts were observéihwgives an indication about their high
elasticity. From the described experiments, it is clear that the synthesis temperature is an important

parameter in the morphology control of Bi@anomaterials.
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Figure 3 . FEGSEM images of Ti@nanoparticles with different morphologies obtained at different
synthesis times and temperatures). Nanourchin prepared at conditions of 100 °C and 360 nbin, (
Nanourchin prepared at conditions of 150 °C and 360 ngjnTEM image of Nanotube prepared
conditions of 200 °C and 180 min, ard) Nanobelts prepared at conditions of 200 °C and 360 min.

The crystalline structure and phase of prepared medobelt, nanotube, and nanourehin
like powders were studied by the-rgy diffraction method. The obtained XRD patterns are
presented in Figure 4, and they show we#olved peaks in the case of nanourchin and nanotube
mophologies attributed te§11) and (020) crystallographic planegafe TiG(B) phasgJCPDS
No. 350088 (Figure 4at). In the case of Ti©with nanobelt morphology, the observed XRD
peaks indicates that the prepared powder is a mixture of affd@RBS 211272 and brookite

(JCPDS 291360) phases (Figure 4d).
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Figure 4 . XRD pattern of TiQ nanoparticles with different morphologies prepared at different synthesis
temperatures as indicated, (a) narbur 100°C, (b) nanowhin 150°C, (c) nanotube 200°C and (d) nanobelt 200°C
(Br: Brookite; A: Anatase; B: Ti@B).

Additionally, among all the peaks, the most intense is the one corresponding to (121)
crystallographic plane of brookite. Further details of crystallinity are provided by HRTEM depicted
in Figure 5clearly well resolved lattice planes are shown, and the insert electron diffraction shows
well resolved spots (Figure 5b). These spots are the signature that the individual nanobelt is a single

crystal. The interplanar distance of about 0.88 nm measwedHRTEM image is assigned to
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(100) crystallographic plane of brookjténdicating that the growth takes place along the (100)
crystallographiglane, which is in good agreement with the result from XRD experiments in terms

of brookite formation.

Figure 5 . (a) TEM images of TiQ nhanobelt obtained at synthesis temperature of 200 °C a synthesis time of 6 h at
different magnifications;lf) the corresponding HRTEM showing inter atomic crystallographic planes and the insert
show the correspondirgjectron diffraction; €) another magnification of Tignanobelt.

Furthermore, the chemical composition of the powder was provided by XPS analysis, and
the obtained spectra are depicted in Figure 6. The XPS survey spectrum in Figure 6a of TiO

aggregateprecursor shows intense peaks corresponding to O1s and Ti2p core leviis, w1y
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weak intensity of the peak corresponding to Nals. However, the XPS survey spectrum
corresponding to Ti®nanobeklike and nanourchifike powders (Figure 6b) shows inssnand

well resolved peak, corresponding to the core level of Nals, which is a signature of the formation
of sodium titanate (Ndiz0y), in addition to those of Ols and TjRpwvas reported that N&izOr

is constituted by corrugated stripseafgesharing TiQ octahedra [29]. The width of each strips is
about threeoctahedra, and they are connected through their corner to form stepped layers. Within

the sticking layers, sodium cations are located at the positions between the layers.

Figure 6 . XPS survey spectra of prepared Ti@) aggregate precursdn)(nanobelts after synthesis.
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In Figure 7a, it is important to note that nanourdiia nanoparticles show more enrolled
nanosheet with more densteucture, as a consequence of the annealing process. The EDS analyses
have been performed to determine the chemical composition of fE@oparticles, after just
synthesis, or after washing and annealing processes. In Figure 7 the obtained EDS spectra are
depicted; it should be noted that, on the EDS spectrum efiEi@particles, after synthesis shows
the presence of Na peak Figure 7b, whereas it is absent in the spectrum after the washing and
annealing processes in Figure 7c. In fact, during the waghougsses dilaTizO7 by HCI, N&
ions were exchanged by ibns. These results are a clear evidence of the important role played by

Na" ions in the formation of Ti@nanobelts, nanotube, andnourchimmorphologies.

Figure 7. (a) FEGSEM images ofiO2 nanourchin obtained at synthesis temperatures of 150 °C, after washing and annealing;
(b,c) the corresponding EDS spectrum obtained just after synthesis and after washing and annealing processes, respectively.
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The details offiO2 nanobelt and nanotube formation mechanisms are further investigated
by using high resolution transmission electroncnesécopy (HRTEM). The influence of
hydrothermal reaction time on the morphology of prepared mgdomaterials is studied at 15,
180, and 360 min. At short reaction time of about 15 min, the morphology of prepared powder is
mainly stretched nanoshdite, with some minor rolled sheet. Closer analysis of prepared powder

(Figure 8) shows different gias of the same formation mechanism.

Figure 8 .HRTEM images with different magnificatiorfa ) of TiO, nanotube prepared at synthesis temperature
of 200 °C and synthesis time of 15 min.
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In fact, the observed nucleation stage can be considered as an integrated growth process of
nanobelt structure, from aggregates made of nanoparticles of about 20 nm diamat®belt of
several micrometers in length. Similar evolution was observed by other aj4#/&8% Thus, we
may assume that the morphologies shown in Figures 8 and 9 represent different stages of the

nanobelt growth process.

Figure 9 .HRTEM images with different magnificatiorfa %) of TiO2 nanotube prepared at synthesis temperature of 200 °C and
synthesis time of 180 min.
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It can be observed that at the earlier stage (reaction time of 15 min) of the nanobelt growth
process, coalesced nguasticles coexist with nanosheet like particles, indicated by zones in Figure
8a,c. Nanoparticles were located at the nanotube edges (region 1 and 2 in Figure 8c), and beside
this simple attachment, an alignment of coalesced nanopatrticles takes plase3iiedtigure 8c).

In addition, the nanosheet shows both stretched and rolled structures. The indicated region 4 in
Figure 8c shows the starting process of nanosheet rolling. However, all these steps are a
consequence of different nanobelt growth stagiésch will evolve in a later stage to a nanotube
structure observed in Figure 9 and nanobelt structure shown in Figure 10. However, at closer
inspection of the nanosheet structure at an earlier stage, with a synthesis time of 15 min, we find
that it presets an assembly of nanopatrticles, whose sizes range from 5 to 20 nm, as indicated in
selected region of Figure 8a,This proves that these nanoparticles and aggregates are the primary
building units for the nanosheet formation process. Furthermorevétliaccepted in the literature

that the key point for the formation of nanoHee structure is the formation of sodium titanate
nanobelt intermediate, in which the sodium ion")Nsiinserted into space between @@tahedra

layers, balancing their negative char{#29]. From the present experiments, it can be inferred
that the aggregate of Ti¥®anoparticles split up into nanosheets as a consequencé iokbidion

and their rolling in a second stage to form atabe in an intermediate stage. Typical TEM and
HRTEM patterns of Ti@ nanotube are depicted in Figure 9, with similar structure of nanotube
obtained using Ti@nanoparticles in terms of asymmetrical walls. It can be seen that the nanotube
exhibits four lgers on one side and two layers on the other (Figure 9¢e), which indicates that the
nanotubes artormed by the scrolling of several layers of nanosheet, as previously observed by

other authors. The interplane on both sides is of 0.36 nm, which corresjpotids (010)

76



crystallographic plane, and is the characteristic of monoclificsB-. It was reportedbr the same
materials that the nanotube growth takes place along the (010) direction. Additionally, the
interlayer distance between rolled nanosheeab@t 0.76 nm closer to different reported values

[29].

From XPS and EDX analysis in Figures 6 and 7, it is clearly demonstrated that the sodium
ions are incorporated in the Ti@anobelt, nanotube, and nanourchin, which suggest that it plays
a role in tleir formation mechanisms. These observations indicate that nanobelts are formed by an
orderly sticking of nanosheet and their coalescence in later stage; whereas nanourchins are formed

by random assembly of the nanosheets.

The size dependence of the Ti@anobelt on the size of Tikaggregate precursor was
demonstrated. Different sizes of hi@ggregate precursors were used to prepare f@dobelt,
and the obtained results are depicted on Figure 10. It can be observed that the nanobelt length tends
to inaease with the increasing of the bi@ggregate precursor size. Additionaliigure 1). This
confirms that TiQ nanoparticles play a role in the formation of different observed morphologies.
In fact, if we assume that the formation of observed morphologies goes through the TiO
dissolution and precipitation, the Ti@anoparticles size will not have any effectstba final
nanoparticle size. Additionally, the observation of Fi@anoparticles during the nanotube
formation supports the mechanism through which sodium ion§ §Nduce exfoliation of TiQ@
aggregates by insertion into the space betweesdse@hedradyers and their coalescence to form

nanosheets at later stage. Furthermore, the present results provide additional arguments to support
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some reported works in the literature and contradict others [30,31], in which it was claimed that
during the hydrothermaynthesis process, Tiis dissolved through BD Hi bonds breaking and
formation of sodium titanate nanosheet [29], which is converted to hydrogen titanate during the

washing step and at a later stage to>@nobelt after the annealing process.

Figure 10 .FEGSEM images of Tignanobelts prepared at synthesis temperature of 200 °C and using TiO
aggregate precursors of different sizes prepared at temperatures of (a) 100°C, (b) 200°C, and (c) 220 °C,
respectively.
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It can be seen from the XRD results that the nanobelt powder, at different synthesis stages
(Figure 11), shows a changing of crystadlistructure. The Ti£aggregates precursor is of anatase
phase, with tetragonal structure, in which d@gtahedra are sharing their face and get stacked in
a onedimensional zigzag chain. During the synthesiN®iTi307narpbelts, a crystalline transsin
takes place, and TiCanatase phase is transformed into an orthorhombic structure. In fact, the
formation of sodium titanate nanobelt intermediate is obtained through the insertion of sodium ion

(Na") into the space between TéOctahedra layers, induwg the distortion of the initial structure.

Figure 11 .XRD pattern of TiQ nanobelt at different synthesis stages as indicated and at the synthesis temperature
of 100 °C (A: Anatase; B: Ti@B).
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From these XRD results obtained at the synthesis temperature of 100 °C, it can be inferred
that the anatase Ti@ggregate structure ahges are a consequence of Maertion and a strong
repulsion between Néons, which induces a distortion of the anatase crystalline structure. Similar
behavior is observed with the insertion of ‘Neon in the case of Na ion batteries
charging/discharging cycles [33]. However, after the washing step with hydrochloric acid solution,
the HTizO7 nanobelts are obtained as a consequence of proton exchange processes of sodium
trititanate. From Figure 11if can be seen that this exchanging of steps and the resulting
orthorhombic structure of HizO7 (JCPDS Card No. 40124) are accompanied by some XRD
peak modifications, in terms of the intensity enhancement of some peaks, and their decrease for
some othes [34,35]. These modifications indicate the distortion of the initial structure after ion
exchanges. Additionally, after the annealing process and the removal of petarmgure of
anatase(JCPDS 211272 and TiQ-B (JCPDS 38)088) phasesis obtainedat the synthesis
temperature of 100 °C’he obtaineXRD pattern is similar to that obtained for the same mixture
by Beuvier et al. [36]. A phase transition was observed when the morphology changed from
nanotube to nanobelt, but with differeabmpositions than those obtained at the synthesis
temperature of 200 °C. It was reported by Zhang et al. that then@i@patrticle size has a strong
impact on the phase transformation during the growth of coalesced nanoparticles [37]. In addition,
the tanperature also plays an important role in the phase transformationafan@particles [26].
However, as when the temperature is changed the coalescence and/or growimahdpgarticles
take place, both the temperature and the size contribute tbake pansformation and a formation
of different phase mixtures depending on the used synthesis temperature 100 and 200 °C.

Furthermore, as it can be observed from Figures 4 and 10, the peaks corresponding to the anatase
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phase are of lower intensity, whigidicates that both of the latter synthesis temperatures produce

a lower proportion of anatase, in agreement with different reported works in the literature [36].
During the synthesis process at a given temperature, the phase is also changed dusettidhe in

of different ions, and it is not necessary to dissolve and precipitateo€i@hedra. Furthermore,

from these results, it is worth noting that the synthesis temperature plays a crucial role in the phase

control of prepared nanobelt powders.

4. Canclusions

Different morphologies of Ti@nanoparticles have been synthesized, in a large scale using
hydrothermal synthesis technique and J&gregate as a precursor. Batimotube nanouchin-
like, and nanobellike nanoparticles were obtained at Id@mperatures and over short times.
Furthermore, it is demonstrated that a morphology control of preparedpdi@ers could be
achieved through the tuning of the synthesis temperature and time. The mechanisms formation of
TiO2 nanobeklike, nanouchin-like, and nanotube nanoparticles are illustrated to involve TiO
nanoparticles coalescence and nanosheet intermediate, formed thanksiomsNexfoliation.
Furthermore, it was found that the preparedzTi@nhomaterials properties were governed by those
of TiO2 nanoparticles aggregate. It has been demonstrated that it is possible to tune the nanobelt
size by using different Ti©aggregates precursor sizes. Additionally, it was shown that the
VIQWKHVLYV WHPSHUDWXUH HQDEOHYV dVKer-hanoel) pavdeR.ITMEKH S K|
investigation of prepared powders performance, as anode materiatitor hatteries, is under

progress in our group.
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CHAPTER lll:  Influence of TiQ nanoparticle morphologies on the

performance of lithiumon batteries

Summary

In this work, we used Ti®powders of different morphologies described in the previous
chapter, as anode materials for lithiimn batteries, and we evaluated their performance in terms
of specific capacity and cyclability. Our results showed that the morphology has an influence on
the capacity only during the first discharge/charge cycles of the littmaonbattery. During the
following cycles, the capacity decreases to stabilize in a second time. By scanning electron
microscopy, we have shown that the different morphologies ansformed into aggregates,
during the first cycles by a disintegration process. Duringlith@tion/delithiation process of
lithium ions, a volume variation occurs, and it is at the origin of the disintegration phenomenon.
The difference between the cafiges of the different morphologies, during the first cycle of charge
and discharge, can be explained both by the specific surface of the aggregates and by the properties
of their porosity in terms of pore size and connectivity. Furthermore, we havehalam that
changes in morphology during battery preparation can be taken into account to explain variations
in specific capacity. During the following cycles, as all the sTibrphologies transform into
aggregates of Ti©nanoparticles, we can assume tifwat pore connectivity is the same for all the
powders, and that the specific capacity of the powders is mainly influenced by the specific surface

area and by the pore size.

86



Influence of TiO2 nanoparticle morphologies on the performance of lithium
ion batteries

Wenpo Lud, Juliette Blanchard Abdelhafed Talek? "

1 PSL Research University, Chimie ParisTe€@NRS, Institut de Recherche de Chimie Paris, 75005, Paris,
France|abdelhafed.taleb@chimieparistech.ps{(AuT), |WenpoLuo@outIook.co1ﬂN.L)

2 Sorbonne université, 4 place Jussieu, 752Baris France

3|LRS— Laboratoire de Réactivité cﬁurfaceﬂiuliette.bIanchard@sorbonnmiversite.f1‘

Abstract: TiO2 nanoparticles of different morphologiegre prepareduccessfully using
the hydrothermal method, and were characterized by different techniques, sudyakfiaction
(DRX), scanning electron microscopy (FEGSEM) andsbirption. Prepared Ti&hanoparticles
were used as anode materials for the lithiom batteries (LIB), and their electrochemical
properties were tested using charging/discharging measurements. The results demonstrated that the
nanoparticles morphology plays a major role in the batteries performance, and that a better capacity
was obtainedor TiO2 nanobelts morphology. A mechanism, behind the capacity decreasing with

the number of cycling, was suggested and discussed.

Keywords: Titania, nanopatrticles, aggregates, morphologigenlbatteries

*Corresponding author. Tel.: +33155426378; fax: +331442767 50
E-mail addressabdelhafed.taleb@chimieparistech.ps(&uTaleb).

87



1. Introduction:

The renewable energies are increasingly becoming an alternative solution to overcome the
problems of fossil energies pollution and the increasing energy demand of human activities.
However, at present, the storage of renewable energies is one of thenbkgiesmits its use
when it is required, and still need to be addressed. This concern motivated the development of
different storage systems, such as batterie®],[and supercapacitors-f§. Among the energy

storage technologies, the batteries appeae the prominently promising.

Nowadays, over all the secondary batteries, lithiombatteries (LIB) are the most used
technology, which drew a tremendous attention from the scientific community. This is due to their
performance such: compactneglgh power, high density of energy and high cyclability. LIB are
the most popular secondary batteries used as source of energy in portable technologies and electric
vehicles [56]. Whereas in plants of solar and wind energy it plays a role of storaggy egstems
[7]. Research to overcome the LIB limitations challenges and improve its performance is a hot
topic in material science. Even if some limitations were overcome, some of them are still under
investigation. Recent progress is mainly devoted &pame innovative anode materials with
optimized properties, which allow the alleviation of it volume variation during the batteries cycles.
It is well accepted that the electrode materials play a major role in determining the efficiency of
batteries. The min consequence of the expansion and shrinkage of the anode material volume
during the lithiation and delithiation is the anode cracking, which could induce the LIB explosion

due to overcharging {8].
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Different strategies were reported to overcothe reduction of the anode volume
expansion, with among them, a better choice of the materials composition and/or architecture.
Regarding the material composition, Bifolymorphes were used for LIB application, and have
been shown to have a low volumeiasion, of less than 4%, during“LUithiation/delithiation [10
11]. TiOz polymorphs have additional advantages, which make them a convenient candidate for
LIBs application, such as high mechanical and chemical stability, environmental friendliness, low
cost, high cyclability, relatively high theoretical capacity of 335 mAt{anatase phase), and a flat
working potential [1213].

Furthermore, nanoparticles agglomeration has also proven to be a promising approach to
obtain materials with the desired atelctiure to alleviate the volume variation during LIB
charging/discharging cycles [14]. The assemblies of nanoparticles with different sizes offer a large
number of possibilities to tailor the porosity of agglomerated materials, in terms of size and size
distribution. In addition, the nanoparticle assemblies give rise to several cases of pores connectivity
[15]. This kind of materials architecture is more flexible, allowing to combine several material
properties, even if they are of conflicting nature [16pr LIB application, agglomeration of
nanoparticles offers the possibility to accommodate the structure stress of the anode material,
induced by the lithium insertion, which enhances the recycling stability of LIBs. Furthermore,
agglomerated material prigkes high interface area in contact with the electrolyte, which strongly

reduces the Liions diffusion paths in the material network.

In the present workTiO2 materials with micre and nane structures made by TiO

nanoparticles of different morphologies, as building unit, have been prepared using the
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hydrothermal method. The obtained results revealed that the nanoparticle morphologies have a
great influence on the performance. Furthermore, on the light of thetetBtlire and the present
results, the capacity decreasing with the number of charging and discharging cycles was discussed
in terms of the morphology evolution of Ti@anoparticles, and in turn the properties of their

assembly with the LIB cycles.

2. Experimental.
2.1. Synthesis of TiQ nanoparticles and aggregates
For TiO: naneurchin, nanotube and nanobelt nanoparticles synthesis, the hydrothermal
method was used. Tiaggregates were used as a precursor and prepared according to previously

published prtocols [17].

For the nanoparticle synthesis, 0.5 g powder ob Bigyregate precursor was introduced in
a Teflonlined autoclave with the capacity of 25 mAfter, the autoclave was filled with 10 M
NaOH solution up to 80% of the autoclave capacity. Depending on the desired morphology, the
synthesis temperature was maintained at different temperatures of 100, 150, and 220 °C with the
heating rate of 2.5 °C/miand the synthesis time of 360, 180, and 15 min. Afterwards, obtained
nanoparticle powders are subjected to the washing and annealing protocols to obtain at the final
stage of these processes: sodium titanate. This latter product was washed many hilieg et
HCI solution to reach a pH value of 1, and then with distilled water to attain a pH value of 7. At
the final stage of the synthesis process, the obtained powder was dried overnight in the oven, and

annealed in air at temperature of 500 °C fom8, with the heat rate of 5 °C/min. All the used
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chemicals are of analytical grade and used as purchased without further purification. The used

ZDWHU zZDV SXULILHG E\ OLOOL 4 6\VWHP OLOOLSRUH HOHFW

Four powders were preparedth different morphologies depending on the synthesis
temperature and time. The powders are named namepyNW100°C (nanourchin nanoparticles
prepared at synthesis temperature of 100°C),-NO-150°C (nanourchin nanoparticles prepared
at synthesis teperature of 150°C), Ti&NT-200°C (nanotube nanoparticles prepared at synthesis
temperature of 200°C and synthesis time of 15 min) and-NiD200°C (nanobelt nanopatrticles

prepared at synthesis temperature of 200°C and synthesis time of 360 min).

2.2. Characterization of prepared of TiO2 nanoparticles and aggregates
The morphological investigations of the prepared-T@noparticles and aggregates were
achieved witha highresolution Ultra 55 Zeiss FEG scanning electron microscope (FEGSEM)

operating at aacceleration voltage of 10 kV

The crystalline structure of TtOwvas determined by aK-ray diffractometer (Siemens
' ;5" XQLW LQ UD®3BBIbyWRPs' increasing steps operating at 40 KV

accelerating voltage and 40 mA currentushgKk. UDGLDWLRQ VRXUFH ZLWK

Nitrogen adsorption desorption isotherms were measured at liquid nitrogen temperature
on a BelSorgMax apparatus. Before analysis, the samples were degassed at 120°C for 10 hours.

The specific surface area (SBET) was evaluated using the BrelBausettTeller (BET) method
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in the P/P° range of 0.63.25. The pore size distribution was determined froendlsorption
branch of the isotherm using the NLDFT method (cylindrical pores; oxide materials). The total

pore volume was determined from the amount padisorbed up to P/P°=0.98.

The chemical compositions of all the samples were determined by the MEGSIEg a
Princeton Gammd&ech PGT, USA, spirit energy dispersive spectrometry EDS system. The
chemical compositions of all the samples (Fi@noparticles and aggregates) were determined by
X-ray photoelectron spectroscopy (XPS), For the measuremenseda RIBER MACII analyzer
VA\VWHP HTXLSSHGWLWKRDX WBEH. . K# H9 VSRW VL]H PP

w). Charges effects were corrected by setting the lowest energy carbon peak (C1s) at 285.0eV.

The electrochemical tests were performedTeflon Swagelok hal€ells, where TiQ
composite was used as a working electrode and a Li metal foil (Sigma Aldrich) as a reference and
a counter electrode in a battery grade electrolyte having the composition: 1M dtiBffene
carbonate, propylene ¢mnate and dimethyl carbonate (1:1:1, v/iv/v) with 1%wt vinylene
carbonate, purchased from Solvionic, France). The €dnposite electrode was prepared using
a mortar, from a mixture of prepared pi&rtive material (80 wt %), 7 wt % of mesoporous carbon,

7% of graphite powder and 6 wt % of poly(tetrafluoroethylene) (PTFE). The prdparedjenous
mixtureis uniformly pressednto a stainlesssteelfoil substratavith pressiornof 125bar.Thirdly,

this electrodewasdriedin the ovenfor the whole night at temperaturef + Glass microfiber

filter (Grade GF/D (Whatman)) 0.67 mm thick, with a pore size of 2.7 um (GmF) was used as a

separator. The Swagelok cells were assembled in the MBraun Glove Box ¢®ith Hppm and
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02 <1 ppm). Assembled batteries weagalvanostatically cycled in the voltage range between 3
1.0 V vs Li/Li" at a charge/discharge rate of C/10 (full charge or discharge in 10 h), using a VMP3

Biologic multi-channel potentiostat/galvanostat.

3. Results and discussion.
Usingdifferent synthesis protocols, white powders were obtained, and were characterized

using different techniques.

The morphology of the prepared powders was characterized by FEGSEM, and the obtained
morphologies are shown in Figure. 1. At higher synthegipéeature of 200°C, Figure. 1(a) and
1(b), it is shown that Ti©@powder is of nanotube morphology at short synthesis time of 180min,
and nanobelt like morphology at a longer synthesis time of 360min, respectively. The insert of
Figure. 1 (b) shows a bundid several nanobelts stackiadpng their long axis directiort can
also be observed that the prepared nanobelts are of homogeneous thickness of about 10 nm, with a
diameter ranging from 50 to 100 nm, and a length of more than 10 micrometers. At higher
magnification scale, the nanobelts show smooth surface without any contamination. Furthermore,
the indicated regions in Figure. 1(b), shows curved nanobelts, which illustrate their high elasticity.
At the synthesis temperature of 100°C, prepared powdef igchin like morphology, with
connected stretched sheet like, to form a randomly connected network (Fig. 1(c)). At the synthesis
temperature of 150°C, the morphology is similar to that obtained at a temperature of 150°C, but

with more rolled nanosheetiff 1(d)).
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Figure 1: FEGSEM and TEM images of Tiowder of different morphologies prepared at different synthesis time
and temperature. (a) TEM image of T#8T-200°C powder prepared at synthesis temperature of 2008C,
180min, (b) FEGSEM image of TEENB-200°C powder prepared at synthesis temperature of 200°C over 360min,
(c) FEGSEM image of TI@NU-100°C powder prepared at synthesis temperature of 100°C, over 360min and (d)
FEGSEM image of Ti@NU-150°C powder pregred at synthesis temperature of 150°C, over 360iméninsert are
the high magnifications.
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The EDS spectrometry was used to analyze the chemical composition of prepared TiO
powders with different morphologies after synthesis (Fig. 2(a)) and after washing and annealing
steps (Fig. 2(b)). The EDS spectra, shows the peak corresponding to Na just after synthesis Fig.
2(a), whereas after washing and annealing steps the Na pmaRptetely absent Fig. 2(b), which

indicate the complete exchange of'lans by H during the washing step.

Figure 2: EDS spectrum images of prepared T@wders (a) just after synthesis and (b) after washing and
annealing processes.

The crystalline structure and phase of prepared pdwder with different morphologies
were investigated by XRD method, and the obtained patterns are depicted in Fignithe3ase
of TiO2 nanaurchin and nanotube morphologies (ZHRT-200°C, TiQ-NU-150°C and Ti@-NU-
100°C), a well pronounced peaks were observed and were assignefllip @nd (020)

crystallographic planes of pure i) phase (JCPDS No. 388) (Fig.3). In the case of Ti©
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nanobelt morphology (Ti&NB-200°C), the well resolved XRD peaks were attributed to a mixture

of anatase (JCPDS &243) andliO2-B (JCPDS 35088)phases (Fig. 3).

Figure 3: XRD pattern of TiQ powders with different morphologies prepared at different synthesis temperatures as
indicated. The peaks with stars correspond to the substrate.
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The properties of prepared TiPowders in terms of specific surface area, and the average
pore size, were evaluated by analyzing the nitrogen adsorption/desorption isotherms. From the
isotherm curves (Fig.4), the specific surface areas (BET model) were calculated to b 270 m
329 nfg', 434 ntg' and 335 g’ , for respectively the Ti@powder morphology of nanobelt
(TiO2-NB-200°C), nanotube (Ti©NT-200°C), naneurchin (TiO2-NU-100°C) and (TiG@-NU-
150°C). For most of the samples a multiscale porosity is observed: the sroedie($.53 nm)
are likely due to the intrinsic porosity of the particles (porosity of the tubes, belt or sheet), while
the porosity leading to the second maximum in the pore size distribution (about 5 nm) is probably
related to pores resulting from thegaggation of the primary particles. Lastly, the larger pores
(between 10 and 20 nm) could result from the flexible porosity formed between particles that are
not chemical link. It is worth noting that the porosity of H®U-150°C is similar to that of Ti®
NT-200°C, which is consisting with the fact that the nanotube particles are obtained by nanosheets
enrolling as reported previously [17]. It is commonly accepted that the large surface area enhances
the material contact surface with the electrolyte dnadlarge pore size favors fast diffusion and
transfer toward the material surface [18]. These characteristics favor the improvement of LIB rate

capability.

97



Figure 4: (a): N2 physisorption isotherm of Tigpowders with different morphologies as indicated; (b) : the
corresponding pore size distribution (NLDT).

The electrochemical characterizations of prepared > Tg@wders with different
morphologies were performed. The obtained discharging/charging airaesurrent rate of C/10

are shown in Fig. 5.
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Figure 5: the potentialcapacity curves corresponding to discharge/charge cycles of the 10 first cycles for
different TiG, powder morphologies.

It can be observed that the specific capacity decreases as a function of the number of
discharging/charging cycles (Fig. 6). At the first initial discharging process, the highest capacity of
about 250 mAh/g was observed for the nanobelt morphology. Fathiee morphologies, this
initial capacity was about 210 mAh/g, 170 mAh/g and 220 mAh/g for respectively thedwder
morphologies of nanotube (T#NT-200°C), and nanourchin (TENU-100°C and Ti@-NU-
150°C). One could expect that higher capacitiesaaseciated to materials with a higher specific

surface, which provide a higher contact surface area with the electrolyte. For example, on can be
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observed that Ti@powders of nanotube and nanrchin150 morphologies show similar specific
capacity, which ould be explained by their similar specific surface area. Moreoves,pa®der

with nanaurchin morphology shows more enrolled nanosheets{Wi@-150°C) which resembles

that of the nanotube morphology. However, the -INDJ-100°C powder has a higher sgeci
surface thamiO2-NU-150°C (434 vs 335 rfig), and should, normally, exhibit a higher capacity.
The electrochemical measurements show actually a lower capacity, which is very surprising, if

only the specific surface parameter is considered.

Figure 6: The curves ofpecific capacity versube number of discharge/charge of the 10 first cycles for
different TiG, powder morphologies.

After the first discharging step, the specific capacity decreases very fast for all prepared
TiO2 powder morphologies, and it reaches a plateau after a fewemsrabdischarging/charging

cycles. To understand this behavior, another phenomenon of individual nanoparticles should be

100



discussed to explain the observed variation of the specific capacity versus the number of
discharging/charging cycles. In fact, it wesported that the anode material expansion and
shrinkage during the lithiation/dilithiation induces the formation of cracks, and the initial TiO
particles disintegration into small nanoparticles. This in turn provokes the electric disconnection
between tie current collector and the anode materials. This lowers the LIB cycling stability and
specific capacity [19]. Hereafter, we will discuss how the control over the p@wder
morphology may be used to improve the Li ion batteries performance. It isoeeptad that the

pore size and the specific surface depend on the prepareggdwder morphology and it plays a
crucial role in the optimization of the Li ion batteries specific capacity. To understand how these
parameters are behind the observed deargasif the specific capacity, versus the
discharging/charging cycles, we must investigate the evolution of thepb¥der morphology

during the cycling process. To check this point, the FEGSEM characterization was performed just
after preparation of the ade for batteries testing and after 10 discharging/charging cycles. The
results are presented in Figure 7, 8 and 9, for preparechdi@ers with different morphologies.

The TiG®-NU-100°C powder, with stretched nanosheets, starts to collapse duringplaegion

of the anode electrode (Fig. 7(a) and 7(b)), inducing the decrease of the anode specific surface.
After the 10" discharging cycle, it can be observed that the nanosheets efirerio morphology

did mostly collapse, to form aggregates of aroL@@nm diameter (Fig. 7(c) and (d)). The observed
peculiarity with the TiG-NU-100°C powder, in terms of low specific capacity (Fig. 6), despite that

it is characterized by the highest specific surface, could be explained by the fact that the stretched
shest forming naneXUFKLQ PRUSKRORJ\ DUH HDV\ WR FROODSVH G

process. After their preparation, the namohin morphology evolves to a denser structure with a
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lower specific surface than that of nanobelt morphology. Similarghe®ts collapse behavior was

previously observed with Tigpowders of nanairchin morphology by TiaRlui et al [20]. Similar

Figure 7: FEGSEM images of Ti® powder with nanairchinl00 morphology (a) and (b) different
magnifications of the anode materials after preparation (c) and (d) different magnification de anode materials after 10
discharging/charging cycles. The inserts are the corresponding high roaigrifi
behavior was observed with TiDIB-200°C powder, in terms of strong decreasing of the LIB
specific capacity between the first and thd" tischarging cycle (Fig. 6). To understand this
behavior in the case of nanobelt morphology, we analyzesglgithe FEGSEM characterization
before batteries testing, and after th& @ischarging cycle (Fig. 8). Just after the preparation of

the anode, the Ti©powder keep its nanobelt morphology as it can be clearly identified in the

FEGSEM pattern of Figurg(a) and 8(b). After the 10cycle, only the aggregates with diameter

102



ranging from 50nm to 200nm could be observed, in addition to a few nanobelts (F&(d3)c)

Further analysis of the observed nanobelt shows its transformation into aggregatepaftictas

(Fig. 8(d)8(9))-
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Figure 8: FEGSEM images of Tigpowder with nanobelt morphology (a) and (b) different magnifications

of the anode materials after preparation(()different magnifications de anode materials after 10

discharging/charging cycles. The inserts are the corresponding high or low maignifica

In fact, it is well known that lithium storage capacity in the anode material induces its
expansion during the lithium insertion, which can provoke mechanical fracture in individual
nanobelts, and its disintegration into aggregates. With-IND-200°C powder, aggregates are

IRUPHG GXULQJ WKH EDWWHU\fV IDEULFDWLRQ SURFHVV )LJ
9(b) and the insert, Tihanotubes could be observed. After thé aycle, cracks are formed (Fig.

9(c) and 9(d)), and aggratps of nanotubes could be observed with the diameter ranging from
20nm to 50nm (Fig. 9(e) and 9(f)). TAMU-150°C powder, also collapses, but this collapse is less
pronounced than that of namochin100 morphology, due to its nanosheet enrolled stryetiieh
SURYLGHY PRUH UHVLVWDQFH WR WKH FKDQJH RI WKH SRZGH
Regarding TiQ nanotube powder, their aggregation yields to surface reduction, which explain its
lower capacity compared to that of nanobelt powder.

It is well known that nanoparticles aggregate is a porous material characterized by pore
size, size distribution, connectivity and specific surface. Furtherntasevell accepted that these
parameters affect the Li ion diffusion within the LIB electrobleis result is very surprising if only
we take into account the fact that the reduction of the pore size induces the enhancement of the

specific surface, and in turn the specific capacity as previously observed by Lin et al [21].
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Figure 9: FEGSEM images of Tigpowder with nanotube morphology (a) and (b) different magnifications of the
anode materials after preparation{¢f) different magnification de anode materials aftef @icharging/charging
cycles. The inserts are the correspogdiigh magnification.

In addition, the pores connectivity should play an important role in the optimization of
energy storage of porous electrodes [22]. However, during the first discharging cycle, the TiO
powders are still keeping different morpholegiand probably different connectivity, which could
explain partly the observed difference in specific capacities for all thepbders. The observed
plateaus in Figure 6, can be explained by the fact that, for all the samples, the shapes and sizes of

the nanoparticles and their connectivities (and, a consequence their specific surface areas) are

similar after 10 chargingischarging cycles. In addition, the very low variation of the specific
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capacity could be explained by the less variation of the powtape and size with the

discharging/charging cycles.

These results were confirmed by XRD experiments (Tab. 1), which show that the crystallite
size decreases between the 1st and th# gt@cle. This confirms that during the
discharging/charging cycles, large particles are disintegrated into small ones. Furthermore, by
comparing the crystallite size after thé"Dycle, we note that the nanobelt morphology show small
crystallite, which sbuld have high specific surface, explaining the corresponding high specific
capacity. In addition, the other morphologies show more or less the same crystallite size, which

explains their closer specific capacity.

Table 1: Crystallite sizes (nm) of Tigpowders after preparation of the anode electrode and after

10 discharging/charging cycles.
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4. Conclusion
The large variation of the LIB capacity between the first and tHe c@le, was
demonstrated to be attributed to the morphology evolution during the discharging/charging
process, which also indicates that the pores connectivity is also playing a major influence on the
LIB capacity. This in addition to the formation of ckagc which provoke the disintegration of
individual particles into smaller ones. Furthermore, the observed plateau in the capacity versus the
number of discharging/charging cycle is attributed to the properties of formed aggregates in terms

of pores size ahspecific surface, which probably will vary very slowly.

These results will contribute significantly to the understanding of LIB cyclability and the
variation of its specific capacity versus the number of discharging/charging cycles, which could

enablethe improvement of lithiuaion batteries performance.
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CHAPTER 1IV: Synthesis of Ti@Qnanorods decorated with Ti@anoaggregates

and their use as anode materials for Lithilem batteries

Summary

In this work we have performed the synthesis of;ln@norodslecorated on the surface by
TiO2 aggregates, using the hydrothermal method. By varying the temperature, we have shown that
it is possible to control the gerage rate of the nanorolg the aggregates. This results in varying
the specific surface of the prepared powders and modifyimgabenectivity. Moreover, we used
these powders as anode materials for lithiom batteries. The electrochemical results of the
discharge/charge cycles of the battery showed that both the highest capacity and the best cyclability
were observed for the sthesis temperature of 230°C. This was explained by the large specific

surface area of these powders, as well as the connectivity of their pores.

Indeed, the large specific surface of the powders allows to reduce the diffusion paths of the
lithium ions, and to increase considerably the surface of the active material in contact with the
electrolyte and thus with the lithium ions. This results in mprovement of the speed of the
discharge/charge cycles, and the specific capacity of the battery. Moreover, the variation of the
coverage rate of theanaods by the aggregates, probably also allows to modify the connectivity
of the pores within the anodeaterials which allows to optimize its accommodation to the volume
variations during the cycling. Normally, this volume variation is at the origin of the formation of
cracks, which causes the disconnection of pieces of the active material and thbeefoss of

cyclability and the decrease of the specific capacity.
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Abstract: A mixture of TiQ: aggregates and nanorods were prepared using easy and
scalable hydrothermal method at various temperatur@g®~fC, 190 °C, 210 °C and 230 °It.
was demonstrated that the synthesis temperature is a key parameter to tune the proportion of the
two morphobgies. Prepared Tgaggregates and nanorods were used to design anode materials,
in which the aggregates regulate the pore size and the connectivity of interconnected nanorods
structure. The electrochemical measurements of, B&@nples were carried out lmsing the
galvanostatic technique. It was clearly found that the pores connectivity and the specific surface
area have a striking impact on the Li insertion behavior, lithium storage capability and cycling
performance of batteries. The first irreversibégpacity was shown to increase with the specific
surface area. When the pore size is larger, the ability of the mesoporous anatase to release
deformation stress was stronger, and thus shows a good cycling stabiliysahiples electrode

prepared at higtemperature 230 °C showed the highest discharging and charging capacities (203.3
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mAh/g and 140.8 mAh/g) and a good cycling stability, due to its very largefispraiface area
and pore size.
Keywords: Mesoporous TiQ pores architecture, specific surfaaeea, Lithiumion

batteries

1. Introduction

This last century, global warming is becoming a very concerning issue, which threatens our
ecosystem equilibrium. Furthermore, it is well accepted that the fossil energy contributes strongly
to this global warming, and that the renewable energy sources could be a serious candidate to
replace the fossil energy. The issue is how to stock this renewable energy, and to use it when
needed, has been driving the industrial and the scientific communitiehénttevelopment of
energy storage devices. Batterie2]land supercapacitors-fg have attracted much focus, due to
their portability, low cost and energy storage effectiveness. Furthermore, another motivation of
batteries development is the emergewnfoelectric vehicle$5,6] as a potential candidate to replace

the petrol vehicles which are considered a tremendous source of pollution.

Lithium-ion batteries (LIBs) are one of the most popular energy storage systems for the
portable electronic désesin the last centurys,7-11], and this is mainly due to their high energy
density, high life cycle and safetlithium-ion batteries are composed of positive and negative
electrodes separated by the electrolyte usually made of polypropdérethylene and
dissociated salts of Li in alkyl organic carbonates. The two electrodes are isolated by a separator,

which allows the Li diffusion during the charging and discharging process. For the cathode which
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is a positive electrode, the commonly used materaé based on transition metals oxides or
phosphates such as LiMa{22], LiCoO»[13], LiNiO2[14], LiFePQ[15], LIMNPO4[16] etc. For

the negative electrode (anode), graphite is the commonly used active material, because of its
cyclability at high Grates. However, its mean drawbacks areltive power density, the low -C

rateand the safety concerfis7,1§].

However, there is an urgeneed for the development akternative anode materials with
high-capacity anchigh lithiumion diffusion rate that could help improtdee energy and power
densities of LIB Titanium dioxide (TiQ) has been successfully demonstrated to be a promising
material for energy storage appations [19-21], thanks to itsexcellent electrochemical
performance as nemazardous handling, low cost, low toxicity, golifé cycling, appropriate
insertion potential y2.0V) and low volume expansion-@%6) during lithium insertiorj22-24].

TiO: exist in different phasesutile [25], anatas¢26] and brookite[27]. Anatase phase is the
most studiedas a host material for electroactiveihsertion[28-30]. However, due to its lower

ionic diffusion and electronic conductivity, large Bi@natase particles demonstrate unsatisfactory
performances, which do hinder their practical application. To improve the performance.of TiO
anatase particles, different appohes were used including the tuning of their crystallinity, size,
morphology and specifisurface aref831-34). In particular, TiQ nanomaterials with larggpecific
surface area allow the enhancement of lithium storage capabiitiyrate cyclability, de to the

short diffusion pathwa}28-31]. The TiQ nanomaterials specific surface area is usually tuned by
the pore size and their connectivity. Furthermore, the Li ion diffusion is also controlled by the pore

length as a consequence of the particles @aemorphology [35]. It was reported that the pore
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length has a strong influence on the capacity and the rate cyclability of mesopos@iaa
cathode material for LIB, which increases when the nanoparticles size decreases [36]. It is well
accepted tat with mesoporous material, the high specific surface area favors the Li ion diffusion,

which leads to a higher specific capacity and rate cyclability.

In this study mesoporous nanostructures of ti@gregates and nanorods mixtbexe been
swecessfully prepared hydrothermallyhe synthesis temperature has been pointed out to be a
crucial parameter to tune the Gi@owders composition. The performance of LIB using prepared

TiO2 powders as anode materials, has been discussed in termgarégssize and architecture.

2. Experimental

2.1. Synthesis of Ti@ samples

All of the used chemical reagents were purchased from Sigma Aldrich Chemical Reagent
Co. Ltd. and used without further purification unless otherwise stated. Thepdi@ers were

prepared according to the scheme 1 using a typical hydrothermal method synthesis.
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Drying

Drying

Scheme 1Schematic illustration of different steps of Bi@bwder synthesis.

To prepare the precursor solution, 0.64 g of Ti@&@d 16 ml of deionized water were
mixed, and then followed by the addition of 1.266 g eDHunder stirring at 25 °C. After 24h
aging at room temperature, the precipitate was collected by centrifugation, washed with deionized
water six times, and then with ethanol two times, and dried overnight in the oven at later stage. The
obtained powder wasubjected to thermal annealing at a temperature of 500 °C for 1h. A solution
was prepared by dissolving 0.2 g of prepared>a@vder in 16 ml of cold deionized water under
ultrasonic bath for 15 min. Then the solution was placed in a PTFE lined autcdawae 25 ml)
and heated with a rate of 2.5 °C/min. During the synthesis, the temperature was maintained at
different levels (170, 190, 210 and 230 °C) for 16h. Then by centrifugation, the obtained TiO
powder is precipitated and washed six times in degmhwater, two times in ethanol, and dried

overnight in the oven. Finally, the dried powders were annealed in air at 500 °C for 1h.
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2.2. Structure and morphology characterization
The morphological investigations of the prepared powders were achietledh igh
resolution Ultra 55 Zeiss FEG scanning electron microscope (FEGSEM) operating at an

acceleration voltage of 10 kV.

The crystalline structure of TéOpowders was determined by anray diffractometer
(Siemens D5000 XRD unit) in Zange from 20to 80 by 0.07° &' increasing steps operating at

40 kV accelerating voltage and 40 mA current using Cuagliation source with = 1.5406 A.

Nitrogen adsorptiomesorption isotherms were measured at liquid nitrogen temperature on
a Micromeritics ASAP @20 apparatus. Before analysis, all the samples were degassed at 120 °C
for 10 h. The specific surface area (SBET) was evaluated using the Brlamaoestt Teller (BET)
method in the P/Prange of 0.08.25. The pore size distribution was determined from th
desorption branch of the isotherm using the BalogherHalender (BJH) method. The total pore

volume was determined from the amount efisorbed up to P/B 0.98.

2.3. Electrochemical measurements

Electrodes were fabricated by intimately mixing the active material (80 wt%) with carbon
mesoporous~7wt%), graphite {7wt%) and binder PTFE-{wt%). The resulting mixture was
then compressed onto stainless steel foil and allowed to dry at 80 °C foetinggbt. Swagelok
cells were assembled in a glove box under a dry argon atmosphere using lithium metal as a counter

electrode and a Celgard 2400 membrane with glass fiber as a separator. Cells were kept in a
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glovebox for 12 h before electrochemical meamgnts. The electrolyte was prepared by
dissolving 1 M LiPkin a 1:1:1 volume ratio of ethylene carbonate (EC), diethyl carbonate (DEC)
and dimethyl carbonate (DMC). All cells were tested vs. Lidtiroom temperature in the range
between 1 and 3.0 V umg) a prograntontrolled Battery Test system (H@b, France) at a current

rate of 0.12C.

3. Result and discussion

3.1. Phase and microstructure characterization

Figure 1. XRD pattern of TiQ nanostructures prepared at the different temperatures as indicated.
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The structural characterization of obtained powders at various temperatures was
investigated using XRD experiments, and the obtained patterns are depicted in Figure. 1. It is
revealed tht the powders are of crystalline structure with all the peaks assigned:tarné@se
phase (JCPDS No. 8821), with no other detected phases. The averageciy6tallite sizes were
calculated using Scherer formula: (D = 0/9B cos ), and the analysiof the full width at half
maximum of the intense peak corresponding to (101) crystallographic plane [37]. The crystallite
size (D) of TiQ powders at different temperatures is given in Table 1. It was clearly found that the

crystalline size decreases lwihe synthesis temperature increasing.

Table 1.Crystallite size of Ti@Qpowders prepared at various synthesis temperatures.

temperature (°C) Crystallite size (nm)
170 17.9
190 17.7
210 15.7
230 14
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Figure 2. FEGSEM images of prepared Tiffowders at various synthesis temperatuf@s 70°C; (b)
190°C; (c) 210°C; and (d) 230°C
The morphology characterization of preparedzpGwders is shown in figure 2. It is worth
noting that depending on the synthesis gerature, various mixtures of Ti@owders were
obtained. Both nanorods and aggregates resulting from the spontaneous aggregation of TiO
nanoparticles could be observed. Furthermore, the number of nanoparticles and their aggregation

is increasing with theynthesis temperature.
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Figure 3. (a) N; adsorptiordesorption isotherms and (b) BJH pore size distribution curves obtained from the
adsorption branch of the prepared T{g@wders at various synthesis temperature as indicated.

Table 2. BET-specific suface area, mean pore diameter and pore volume of the prepargooli@ers at various
synthesis temperatures.

Powder BET-specific surface Average Pore volume
area (M/g) pore diameter (nm) (cmlg)
TiO2-170°C 65 4.0 0.07
TiO2-190°C 75 4.0 0.11
TiO2-210°C 77 4.5 0.12
TiO2-230°C 103 4.5 0.26

The results of the nitrogen adsorptidesorption analysis are shown in Figure 3, and the
standard multipoint BrunauétmmettTeller (BET) method was used to calculate the specific
surface area. However, the pore size distributions were obtained frorsother adsorption

branches based on the Band&tynerHalenda (BJH) model. Furthermore, nitrogen
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adsorption/desorption isotherms (Fig. 3(a)) of all prepared p@ders show a hysteresis loop,
indicating that the prepared powders exhibit high mesopastiusture [38]. The pronounced
hysteresis is well believed to be connected to the capillary condensation at large pore channels,
which can also be associated to the modulation of the channel structure [39]. From the BJH pore
size distribution (Fig. 3(b)jhe powder average diameters were calculated and shown to be ranging
from 4 nm to 6 nm. The obtained results for the prepared do@ders in terms of specific surface

area, average pore diameter, and pore volume are summarized in Table 2. It canvied tiester

the specific surface area and the pore size increase with the synthesis temperature, which is
consistent with the transition from nanorod powder with low to &b of aggregates coverage

on their surface (Figure 2). In fact, the porouszlag@gegates on the surface of the nanorod powder
enhances their specific surface area and their pore size, and it could also change the pores
connectivity, and thus the channel structure. It is worth mentioning that the structures with high
pore diameter enabla rapid filling of pores by the electrolyte during the electrochemical

charging/discharging cycles, which enhances the rate capability of the anode materials [30]

3.2. Electrochemical performance

The electrochemical properties of prepared powderaraius temperatures were tested as
anode materials for LIBs. The insertion of'linto anatase powders is well accepted to be
accompanied by a phase transition from tetragonas {8@ace group 141/amd) to orthorhombic

LiosTiO2 (space group Imma), whoseaction equation is expressed as follows:

TiOx+xLi*+xe A AixTiO2 (1)
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Where, x is the amount of inserted”lin the anatase, which depends both on the
crystallographic and microstructure properties of used matgfidsAlthough anatase possesses
a theoretical specific capacity of 335 mAh/g, the only half of this capacity is usually observed, and
this is mainy due to the strong Lli repulsions in the LTiO: lattice at greater insertion ratios (x >
0.5) [4242]. The main redox reaction behind the Ti@lectrochemical activity is that

corresponding to the interconversion of*TTi®* during discharging/chargincycles.

Figure 4. Charging/discharging curves of TiPowders prepared at various synthesis temperatures:(a) 170°
C; (b) 190°C; (c) 210°C; and (d) 230°C, and cycled between 1.0 and 3.0 V at a constant current rate of 0.12C.
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In Figure 4, thshown £, 2"9and %" charging/discharging cycles correspond to synthesized
TiO2 powders at the temperature of 170°C, 190°C, 210°C and 230°C. The electrochemical cycling
was performed at the voltages ranging from 1.0 to 3.0V, and at a constant cuer@fitd-a2C.
The curves show similar patterns with clear plateaus+ie@bV for both discharging and charging
cycles, and it is similar to other reported values for the same sypt8md]. It is worth noting
that the capacity increases with the temperature, and the highest discharging and charging
capacities (203.3 mAh/g and 140.8 mAh/g, respectively) were obtained for the prepared powder at
higher synthesis temperature of 230 °C. The nleskirreversible capacity during the first cycle
was mainly attributed to three phenomena: the formation of a solid sUfid®], the irreversible
lithium insertion in the crystal lattice defects or on the electrode surface sites [47], and themeducti
of electrolyte on the electrode surface [48he highest capacity observed for the electrode
prepared with Ti@ powder synthesized at temperature of 2B80was explained by the higher
specific surface area and a larger pore size, which offers a highct@rea between the active

material and the electrolyte.
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Figure 5. Cycling performance at constant current rate (0.12C) of pevders prepared at different
indicated temperatures as anode materials for LIB.

In Figure 5 the cycling performance of LIBs using prepared> i@wvders at various
temperatures as anode materials is presented.pb@der at the synthesis temperature of 230 °C
has shown the best cycling performance with very slow decrease of the capacity. ?ipewader
is characterized by higtate coverage ofiO2 aggregates on the surface of the nanorods. These
aggregates not only increase the specific surface of prepared powder, but also change the pores size
and their connectivity. When the temperature increases, both the specific surface and capacity
increaVHV 7DE 7KLY WUHQG GRHVQTW H[SODLQ WKH FDSDFL
powders prepared at the synthesis temperature of 170°C, 190°C and 210°C. The results
corresponding to these powders show clearly that when the pores size inthesssscific surface
increases also. These results are in contradiction with the ones obtained for the spherical

nanoparticles, in which the specific surface increases, when the size of nanoparticles and the pores
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between them decrease. To explain tlieisytiarity, it is crucial to assume that the nanorods play a
major role in fixing the pores size, and the aggregates on its surface increase the pores size between
nanorods and change the pores connectivity. For mesoporous materials, the internal nesoporou
structure accommodated the volume expansion during the lithium insertion and released the
deformation stress. The pore volumeudpared TiQpowder at synthesis temperature of 230 °C

was much higher than that of other three Jgowders, and corresportid more flexible pores
connectivity, with a better capability of releasing deformation stress. Thigpdi@er, with micro

and meso porous structures, better accommodate the volume variation during the
discharging/charging cycles, which explain the obsgrroughly constant capacity (Fig. 5),
resulting in a much better cycling performance than the other three samples. With other TiO
powders, the enhancement of nanoparticles aggregation on the nanorods surface with the
temperature, reduces the pores langading to a higher specific surface. This in turn will enhance

the exposed surface area for Li ion intercalation, which will favor the capacity increase. However,
the new pores connectivity and structure is less flexible and is not willing to accotentlogla
deformation stress due to the anode volume change during discharging/charging cycles, which
provokes the formation of cracks and electrical disconnection of active material piece, reducing
strongly the batteries capacity with discharging/chargirdesy This effect is enhanced by the
temperature as it can observed for the temperatures of 170°C, 190°C and 210°C, which probably
is due to the promotion of porous structure with less capability to accommodate the volume

variation during the dischargindyarging cycles.
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To check if other parameters are behind the observed behavior, the powders are
characterized by XRD and FEGSEM after th& t@cle. It can be observed from the FEGSEM
characterization (Figure 6) that only aggregates could be obsemetaaorods are completely
absent. This could be explained by the nanorods disintegration during the cycling processes, and
their transformation into aggregates (indicated zone in Figure 6). In fact, as a consequence of
volume variation, stress within tineaterials takes place and cracks appear provoking the materials
disintegration. This hypothesis was confirmed by XRD experiments, and it can be observed in table
3 that the TiQcrystallites size decreases after th# &ycle, which confirms the disintegfion of
the powder took place during the cycling processes. After the nanorods are transformed into
aggregates, and the batteries specific capacity is controlled by the specific surface and the pore size

as previously demonstrated [49].

Figure 6. FEGSEM pattern after 10cycle at constant current rate (0.12C) of Ti@wders prepared at
different indicated temperatures as anode materials for LIB.

Table 3: Crystallite size of TiQpowders prepared at various synthesis temperatures.
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TiO2-24h

crystallite size 170°C 190°C 210°C 230°C
After synthesis 17.9nm 17.0 15.7 14
After 10" cycle 14.7 11.6 11.5 9.6

4. Conclusions

Different powders of Ti@nanoparticles, aggregates and nanorods mixture, were prepared
using the hydrothermal method at various synthesis temperatut&® 6C, 190 °C, 210 °C and
230 °C. It was shown that the temperature is a crucial parameter to control the prepared TiO
powdes properties in terms gpecific surface areas, and pore size distributions. By increasing the
synthesis temperature, it was demonstrated that the go@ders morphology change from
nanorod, with low to higitate coverage of aggregates on their surfd¢te electrochemical
measurements showed that the JpgOwder synthesized at a temperature of 230 °C exhibits the
highest discharging and charging capacities (203.3 mAh/g and 140.8 mAh/g), and the best cycling
performance. This was explained by the higtgecific surface area of this TiQ@owder, and by
WKH SRUHYVY FROQQHFWLYLW\ DQG VWUXFWXUH ZKLFK FRXOG
in turn enables to release the deformation stress. In fact, €l@trode materials, with a large
active suréce area, allow a high electrochemical reaction rates per unit of volume, and enhances
the diffusion kinetics by reducing the diffusion pathway for electronic and ionic transport.
Additionally, the cycling performance of Ti(powder synthesized, at a temgteire of 230 °C,

ZDV LQIOXHQFHG E\ WKH SRUH YROXPH DQG WKH SRUHTV FRQ
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ability of the TiQ mesoporous powder to release the deformation stress is stronger, which favors

a good cycling stability.
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General conclusion andoerspectives

During this thesis, the objectives were, on the one hand, to prepaneafi@materials with
controlled properties and, on the other hand, to improve the performance :0&sT& insert

material for lithiumion battery applications.

We havehighlighted the possibility to prepare titanium dioxide nanoparticles of different
morphologies, using hydrothermal synthesis in alkaline NaOH solution. The hydrothermal
synthesis method, allowed us to control at the same time, the crystallinity, thandizbe
morphologyof the preparedoarticles. Among the synthesis parameters that we varied, there are
the temperature, the reaction time in the reactor (autoclave), and the nature ofotheeGi@sor
used for the synthesis. The nature of the latteharform of TiQ aggregates, is original compared
to the literature and has helped to better understand the mechanismsmdrioSheets, nanotubes

and nanoribbons

In a first step, we used the TiO%@recursor, for the synthesis of nanopowders based on
TiO, aggregates of anatase phase and controlled size. The different characterizations have shown
that the aggregates are formed by Jim@noparticles, whose size varies from 4 to 10 nm. By using
these TO. aggregates as precursor, an alkaline solution of NaOH, and by varying the temperature
and the reaction time, we have demonstrated a control of the morphology. Depending on the
synthesis conditions, we obtained nanosheets, nanotubes, nanoribbonscamgtimas For the
different morphologies, the synthesis time was lower or equal to 6 h, which is a record compared

to those reported in the literature for other precursors.
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Moreover, the synthesis involves two intermediates: sodium titanates and titaniaadids,
it takes place in three steps. First the synthesis in autoclave, then the powder obtained undergoes
ion exchange and the sodium titanate is transformed into titanic acid, and finally a heat treatment.
For reaction times of 6h and at the temperaturB06FC or 150°C, we observed the formation of
nanouchin. The formation of this morphology, we explained it by a disordered assembly of TiO
nanosheets. At the temperature of 200°C and for a time of 6h, we observed the formation of
nanoribbons of small tbkness (<10nm) and a diameter of 50 to 100nm. For the temperature of
200°C and a reaction time of 6h we observed the formation of nanoribbons, while for the short
times of 15min and 180min we observed Fi@anosheets and nanotubes respectively. By high
reolution electron microscopy characterization, we have highlighted the coiling of nanosheets
which evolves in a later time to nanotubes. Moreover, we observed a coexistence of nanosheets of
the size of TiQ nanoparticles, with nanosheets of slightly largéameter. These different
morphologies are probably the different stages of the same nanoribbon morpiooiogtion
During the synthesis in alkaline medium of NaOH, there is insertion dfidwa in the TiQ
structure and its exfoliation in a second stedorm the nanosheets of larger size by coalescence.
Our different observations are in the direction of a mechanism involving the processes of
exfoliation and coalescence, and not the process of dissolution of the nanoparticles and formation
of TiO. octahedra, which will assemble later to form the nanosheets. Our suggestion of an
exfoliation/coalescence mechanism was supported by other experiments. Using precursors of
different sizes of TiQ@aggregates, we have shown that differentssst@anoribbon a obtained

in the samérenddirection as the aggregates. Moreover, as the nanoribbons are obtained at longer
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times under the same conditions as the nanotubes, prove that they are a morphological evolution

of the latter by coalescence

Concerning the phases of the different Zibrphologies, we have shown that nanosheets,
nanotubes and nanaims crystallize under the T«B) phase, while nanoribbons crystallize as a
mixture of phases, which depends on the synthesis temperature aimethETiQ nanoparticles
in the precursor. For a synthesis temperature of 100°C, we observed a phase mixture with a
predominance of the Brookite phase at the expense of the anatase phageeéumsarsynthesis
temperature of 200°C, we observed némmons with a TiQ(B)/anatase phase mixture with a

predominance of TigiB).

TiO2 powders of different morphologies have been used as anode materials forighium
batteries, and we have evaluated their performance in terms of specific capaciyglabdity.
Our results showed that the morphology has an influence on the capacity only during the first
cycles. During the following cycles the capacity decreases and stabilizes in a second time. By
scanning electron microscopy, we have shown that ffexeht morphologies are transformed into
aggregates, during the first cycles by a disintegration process. During the insartoal
processes of lithium ions, a volume variation occurs, and it is at the origin of the observed
disintegration phenomenon. The difference between the capacities of the different TiO
morphologies, during the first charge/discharge cycle, can be explaitineloyiihe specific surface
of the aggregates and by the properties of their porosity in terms of pore size and connectivity.

Furthermore, we have also shown that changes in the morphology of the powders during the
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preparation of the batteries are to beetainto account to explain the variations of the specific
capacity. During the following cycles, as all the Ti@orphologies transform into aggregates of
TiO2 nanoparticles, we can assume that the pore connectivity is the same for all the powders, and
that the specific capacity of the powders is mainly influenced by the specific surface area and by

the pore size.

To confirm the role of pore connectivity, we prepared powders formed by a mixture of
nanoodsand TiQ aggregates by the hydrothermal methBd varying the synthesis temperature,
we were able to vary the coverage rate of nat®by aggregates. Moreover, by testing these
powders as anode materials for lithiiom batteries, we have shown that the specific capacity of
the batteries during thast cycles, strongly depends on the coverage rate afdhaods by the
aggregates and thus on the connectivity of the pores. The electrochemical results of the
discharge/charge cycles of the battery showed that both the highest capacity and ttoiabdit/cy
were observed for theowder prepared at ttsynthesis temperature of 230°C. This was explained
by the large specific surface of these powders, as well as by the connectivity of their pores. Indeed,
the large specific surface of the powders afidw reduce the diffusion paths of the lithium ions,
and to increase considerably the surface of the active material in contact with the electrolyte and
thus with the lithium ions. This results in an improvement of the speed of the discharge/charge
cycles,and the specific capacity of the battery. Moreover, the variation of the coverage rate of the
nanoods by the aggregates, probably also allows to modify the connectivity of the pores within
the anode, which probably allowed to optimize its accommodatititetvolume variations during

the cycling. Normally, this volume variation is at the origin of the formation of cracks, which
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causes the disconnection of pieces of the active material and thus the loss of cyclability and the

decrease of the specific cajig.

We have also shown by scanning electron microscopy, that for the following cycles, the
powders are formed onlyy aggregates with the absence of rods. Moreover, if we assume that the
connectivity of the pores in the aggregates is the same, the specific capacity of the battery is
controlled only by the specific surface and the poogperties in terms of size and cewtivity.

From this thesis work, we can note several unanswered questions that can be the subject of
perspectives. First of all, which pore connectivity structure can better accommodate the volume
variations of the electrodes? Furthermore, how to éinmhlance between improving the specific
capacity of the battery while keeping the electrode volume variation low. To achieve this goal, the
design of different TiQand SiQ configurations such &8i0,@TiO, coreshell nanoparticles may
be a promising way5iO; has a very high specific capagibut also a very large volume variation,
during the charging and discharging processes, which accelerates the decrease of thewedpaci
the cyclability. The important volume variation of SiCelectrodes is a hindnce to the
development of batteries with Si@s anode material. The presence of aTa@er could decrease
the magnitude of the volume variation and thus its impact on cyclability. Other configurations of
SiO; and TiQ are to be considered. The recongtion of the two oxides can increase the specific
capacity of the battery, while reducing the volume variation of the electrodes, during the processes

of charge and discharge
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Annexes

X-ray diffraction (XRD)

We used Xray diffraction (XRD), to determine the crystal phases, observation of possible
structural changes in the prepared powders during the synthesis process and during battery cycling,
as well as alculation of the crystal size. When the powders are exposedayp beams, each atom
of the crystal scatters a wave that propagates in space due to the oscillation of the conduction
electrons. The diffraction phenomenon results from the interferenbe stattered waves. These
interferences are either constructive when the atoms are arranged regularly with a characteristic

distance, or destructive in the opposite case

In order to identify the phases present in the preparec p@vders, the ICDD
(International Center for Diffraction Data) database was used as reference.
The distance between the interreticular plangs tbr a family of crystal plane (h,k,l) (h,k,l

designate the Miller indices), can be calculated from the Bragg formula below (Eq.1):

2chsin =n 1)

Where is the wavelength of the-pay beam, is the angle between the incidentay

beam and the powder surface, and n is the reflecti@xind

Depending on the geometry of the crystallographic system, the characteristic structure

parameters a, b, ¢, and of a phase can be calculated, using the Bragg relation. For example,
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for a cubic system,a=b=cand = =90° the distance between the interreticular planes d

and the characteristic parameters of the mesh is expressed by the following {&un@p

@r7Y¥ ™M G+H) (2

Moreover, using the Scherrer equation and the-Vaife width of the diffraction peaks
(FWMH), the average size of thewflcrystallites can be evaluated according to the following

DebyeScherrer equation (Eg.:3)

3

With k is a geometric factor equal to 0.88is the wavelength usedis the Bragg angle,
L is the halfvalue width of the peak expressed in radian and | is the contribution of the device to

the halfvalue width, which is equal to 4.66-1@ad under theisedconditions

The two sources of error in the calculation of¢hestallite size are related to the evaluation
of both the contribution of the device to the line broadening (I), and the width at half height of the
lines (L). When the crystallite size becomes very small, the width of the diffraction lines becomes
very important. The halfalue widths of the lines are calculated from mathematical refinements.
The profile of the Xray diffraction lines can be modeled by Lorentzian functions or by the

convolution product of Gaussian and Lorentzian functions (ps¥odyi agoroach)

137



The Inorganic Crystal Structure Database (ICSD) diffractograms used as reference for

anatase and rutile Tire presented in Figure 1 and Figure 2

Figure 1: ICSD sheet n° 0D70-7348 for TiQ anatase.

Figure 2: ICSD 0400878 for rutile TiGQ .
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In the case where the diffractograms show a mixture of phases, for example for a mixture
of anatase and rutile, the fraction of the anatase phase can be estimated by the Spurr(Equati

4):

B=1/(1 + 1.26 ( +)) ()

With f is the mass fraction of the rutile phase in the sample, IR is the intensity of the rutile
peak (110) located at about 27.44°, and IA is the intensity of the anatase peak (101) located at about

25.36°.

The net area of the peaks of the diffractograms is proportional to the concentration of the
phase, using an absorption term. The method of integral intensities allows to obtain the proportional

concentrations of the different phases accordingedaw

With ¢ is the concentration of phaseiiid the integral intensity of a given peak of i,im
a calibration coefficient specific to the phase and the instrument used and A is the absorption term,
identical for all phases. All crystalline phases must be identified so that the sum of the

concentrations is equal to 100%.

The diffractograms prestad in this report were made by a Siemens D5000 type

diffractometer, in Brentano Bragg geometry, equipped with a copper anticathod® £ 0.154
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nm, &- 2 = 0.1544 nm). The incidence angle\&ries from 20 to 80°, with a step size of 0.04

and a mesurement time of 7s per step

Scanning Electron Microscopy (SEM)

The morphology and size of Ti(powders have been characterized by scanning electron
microscopy (SEM) based on the principle of electmmatter interaction. By focusing an electron
beam on the surface of the material, two types of electrons are emitted: secondary electrons and
backscattred electrons. The secondary electrons come from the outer electrons of the conduction
band (Fig. 1), and are very weakly bound to the nucleus of the atormufiigerof secondary
electrons collected depends strongly on the surface, which must be opargakel to the incident
beam. The detection of these secondary electrons ejected by the incident electron beam provides
information on the topography of the sample. As for the backscattered electrons, they are the result
of the quasklastic interactiometween the electrons of the incident beam and the atomic nuclei of
the material (Fig. 1), and they provide a qualitative analysis of the sample. Finally, to form an
image, the beam must scan an area of the sasgpikat the different impact points foarprecise

point in the image

Figure 3: Diagram showing the radiation emitted by atoms under an electron beam
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The scanning electron microscopy images presented in this manuscript were made at
Chimie Paris tech on@EM-FEG Ultra 55 Zeiss microscope. This microscope is equipped with an
EDX (Energy Dispersive Xay Microanalysis) analyzer. Indeed, theay photons emitted by the
atoms are sorted at the detector level, it is thus possible to attribute each phottad detec
chemical element. Moreover, the counting of photons according to their energies allows a
guantitative analysis. The EDX spectra obtained allow a qualitative and quantitative elemental

analysis of the metal present in the Tg@@wders

Transmission Electron Microscopy (TEM) and electron diffraction

Transmission Electron Microscopy has been used to characterize the morphology,
crystallinity and size of Ti@powders. The principle of TEM is based on the interaction of a flow
of electrons acceleratday a potential difference of about 80 to 120 kV, with a sample, this
interaction leads to the formation of an image. Two types of microscopes have been used for the
realization of the images presented in this thesis: a conventional TEM and a high neswolatio
The conventional microscope is a 100kV JEOL 1011, and the high resolution one is a JOEL 2100
operating with an acceleration voltage of 200 kV. The latter microscope allows to reach a point
resolution of 0.18 nm and a fringe resolution of 0.14 nnthistresolution, this TEM also provides
information on the assembly of atoms and their periodicity in terms of atomic planes. By electron
diffraction, we can also have information on the crystallinity of the samples. The different
characterizations preden in this thesis were performed by Sandra Casale, from the Service

Commun de Microscopie Electronique of Sorbonne University
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X-ray photoelectron spectrometry (XPS)

It is a physical method of chemical analysis, which consists in bombarding the surface of
the sample by monochromaticrdys. These rays cause the ionization of the atoms of the sample
by photoelectric effect. The kinetic energydtthese photoelectroms measured, which gives the

spectrum of the intensity of the electrons according to the measured.energy

Each incident X photon has the same energyhE, since the beam is monochromatic (h
being Planck's constant aridhe frequency of the incidenght wave). During the interaction with
the atom, part of this energy is used to break the bond, it is the binding energy (BE), the rest is

transferred to the electron in the form of kinetic energy (Fig. 4).

Figure 4 : Scheme of the energy diagram illustrating the excitation @lectron by an X photon.

EL is characteristic of a given electronic layer, for a specific element. By fixing Ex and
measuring Ec, it is possible to determinedid thus the nature of the excited atom. The kinetic
energy spectrum thus presents peaks, and one can determine the binding energy corresponding to

each peak by the following Einstein relation:



EL: Ex - Ec (6)

The energy of the incident-Kay photon is of the order of magnitude of the ionization energy
of the core electrons: their emission gives the XPS peaks that are essentially characteristic of the
nature of the atom; while the chemical information (espgcib# degree of oxidation) is derived
from the small displacements of the XPS peak corresponding to the variation of energy between
valence layers, the latter (corresponding to the UV/visible/lieaiange in general) is weak
compared to that of Xays. Tlere is globally little interference between the peaks of the different
elements. Even when a peak can correspond to several elements, there is generally a way to remove
the ambiguity by studying the whole elementary spectrum: presence/absence of a ggaaigar
relative intensity of theS H Ddkdratteristic of the suspected elements, study of the Auger peaks...
Semtiquantitative analyses can also be extracted from the normalized XPS spectra based on the
integral of the peaks. The signal under each péaftement A is proportional to the number of

atoms of type A

Finally, the intensity of the signal as a function of the thickness, d, of the sample is damped
by a factor exp@/ ), with , the mean free path of the electrons in the material: the further away
from the surface, the less likely it is that the ejected electrons will be detected, i.e. the smaller their
contribution to the total signal. Thus, 70% of the detected signal cormegHeofirst nm, and
beyond 3, the contribution is negligible.being of the order of 1 to 2 nm, the depth of analysis is

therefore 3 to 6 nm, which is why the XPS technique is a surface analysis technique. We finally
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have access to the chemical composiof the surface of the analyzed material over a depth of

less than about 10 nanometers, by comparison with known spectra

The XPS analyses carried out in the framework of this thesis were performed by Pierre

Dubot at the Institute of Materials ChetnysParis- Est

Gas adsorption (BET, BJH)

The specific surface of nanoparticles was determined by the BET (BruBaueett
Teller) method, which makes it possible to evaluate the accessible surface of a powder per unit of
mass. The specifgurface depends strongly on the size of the particles, and it is the more important
as the size of the particles is small. The principle of the method is based on the formation of a
monomolecular layer of an inert gas on the surface of the powder uskdetionine its specific
surface (Brunauer, Emett and Teller or BET analysis). In addition, capillary condensation and in
particular the study of the adsorption and desorption branches make it possible to evaluate the
volume of the pores and their distrilartiin size (Barrett, Joyner and Halenda or BJH analysis).
Prior to analysis, the samples are heat treated at elevated temperatures under vacuum or circulating
gas to remove any contaminants. Volumetric adsorption analyses allow to evaluate the specific
surface, the total volume of the pores and their distribution. A known mass of powder is placed in
a cell which is degassed for one hour at 150° C. After degassing, a nitrogen/helium flow (30/70
ratio) is injected for the adsorption part, and the powderakedawith liquid nitrogen at 77K. The
adsorbed nitrogen surface allows the measurement of the available surface per unit of mass. The

measurements were carried out on a Micromeritics analyzer model ASAP 2020
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Within the framework of this thesis, the agstton measurements were carried out in
collaboration with Juliette Blanchard, CNRS researcher in the Surface Reactivity Laboratory (UFR

926, Sorbonne University)

Electrochemical measurements
The galvanostatic cycling tests were performed with Swagelok half cells. These cells have
the advantage of being reusable and easy to assemble and disasBeeseleells are composed
of the following elements
- A positive electrode, made ofaixture of active material (80%), Tin our case, with

carbon (7%), graphite (7%) and PTFE binder (7%).

- A Whatman paper disc, made of GF/D grade borosilicate fiberglass, soaked in electrolyte.

- Alithium metal pellet acting as a negative electrode

The current collectors are made of stainless steel for the graphite and lithium electrodes,
while the Swagelok body is made of Teflon PFA. The reference electrolyte used is 1M LiPF6
dissolved in a 1:1:1 volume ratio mixture of ethyl carbonate (E&thdil cabonate (DEC) and

dimethyl carbonate (DMC), (EC/DEC/DMCJhe cell diagram is shown in Figure 5
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Figure 5: Schematic of a Swagelok hadéll
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Résumé de latheseHQ )UDQoDLV

'‘DQV OH FRQWH[WH DFWXHO RX OD SURWHFWLRQ GH OfHC
et ou le réchauffement climatique est devenu une préoccupation mondiale, les énergies
renouvelables sont identifiées par les experts des énergies comme des technologies matures pour
assurer une alternative pérenne aux énergies fossiles (charbon, pétrole, gaz). Ces derniers, sont des
sources principales de la pollution environnementale ggchauffement climatique. Dans le cadre
GH VD SROLWLTXH pQHUJpWLTXH SRXU VHV SD\V PHPEUHYV
DPELWLHX][ HQ WHUPHV GH GpYHORSSHPHQW GHV pQHUJLH
OTHIILFDFLWp pQ Hurdpashnd 3odhaite p@&t@rUdpart des énergies renouvelables a
DX PRLQV GX PL[ pQHUJpWLTXH GYLFL | $ OTLQVWDU C
HQFRUH VH ILIDQW XQ REMHFWLI GH SXLV GH GYLFL

Les énergies renouvelabe WHOOHV TXH OH SKRWRYROWDWTXH
ELRPDVVH RX OD JpRWKHUPLH RIIUHQW OTDYDQWDJH GfrWUH
mais leur dépendance des conditions climatiques les rende intermittentes et non disptmibles a
demande. Cet obstacle frein leur utilisation a grande échelle, ce qui a nécessité le développement
de systemes de stockage adaptés, pour assurer un approvisionnement continuel a tout instant et a
WRXW PRPHQW GH OTDQQpH [/H ¥rgie\wony auBdHoontEiiedyRertarD JH G H
la part des énergies renouvelable dans le mix énergétique, et atteindre les objectifs ambitieux fixés
SbU Of18( j VHV SD\V PHPEUHV 2Q HVWLPH TXH OH PDUFKp (
PLOOLDUGV2®$SHXURYV GqV

$ILQ GIRSWLPLVHU OfH[SORLWDWLRQ GHV pQHUJLHV UHC
GILOQWHUPLWWHQFH GLIIpPUHQWY V\VWqPHV GH VWRFNDJH R
assurer sa restitution a la demande. Historiquement, lesiémtie plomb ont été les premieres a
UpSRQGUH DX EHVRLQ GX VWRFNDJH GH OfpQHUJLH (OOHV R
UHF\FODEOH PDLV QpDQPRLQV SUpVHQWHQW OfJLQFRQYpPQLH
long terme. En effet,D SUpVHQFH GX SORPE GDQV OfXQ GH VHV FRQV)
GDQJHUHX[ SRXU OD VDQWp KXPDLQH HW OTfHQYLURQQHPHQW
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ILQ GH YLH GH OD EDWWHULH $X-MRr¥pdecententéltecnblagieede W W H U L
stockage la plus mature a court terme et la plus populaire, pour un usage domestique (véhicule
électrique, les dispositifs portatifees vélos, les scooters, les trottinettes électriques, les
URERWV LQGXVWULHOV ORXOMpOEBWH L BLHN YeW/RKEN DHYV GJ
téléecommunication (téléphone portable) et spatial (engins spatiaux). Les batteries aidithium
SUpVHQWHQW OfYDYDQWDJH GH SRXYRLU UHVWLWXHU OfpQH
maniére fiable (plusde DQV 3DU DLOOHXUV HOOHV SRVVgQGHQW OYD
GH VWRFNDJH GH OfpQHUJLH HW GH IRQFWLRpEpHPLdEQW GDC(
température importantes, de chocs, de vibrations et de longue durg® X W U H \Wie®W HF K Q R (
innovantes de batterie moins polluantes et plus puissantes ont été développées, pour répondre au
EHVRLQ JUDQGLVVDQW GfXQ VWRFNDJH G XUD ElésHat®litsO fpQHU

a sodiurmion et les batteries a électrolyte solide

Les batteries actuelles a lithition sont constituées de deux €électrodes, une anode et une
cathode, plongées dans un électrolyte. Elles fonctionnent par des cycles de charge et décharge au
FRXUV GHV TXHOV OHV LRQV OLWK Lu®aWavels preéietimelii@iy G TXQH
les différents usages des batteries a lithiulRQ ,0 HVW SULPRUGLDO GH IRXUC
PrPHVY SHUIRUPDQFHY SHQGDQW SOXV GYXQH GL]DLQH GTDQC
constituants de la batteripeut nuire a son fonctionnement optimal et induire une diminution de
ces performances. Les phénoménes de vieillissements touchent les différents constituants de la
batterie, et se manifeste par un changement de leurs propriétés. La qualité des diffiéséniant
de la batterie influencent considérablement ces performances en termes de durée de vie, de
F\FODELOLWp HW GH SXLVVDQFH /D FURLVVDQFH G¥YXQH FR.
électrolyte (Solide Electrolyte interphase (SEI)), faxol QW XQH PHLOOHXUH UpYHUV
des ions lithiums sans intercalation de solvant, toute en conservant un bon transfert de charges. Par
DLOOHXUVY OD VWUXFWXUH OYDUFKLWHFWXUH HW OD FRPSR)
imporWDQW GDQV OfRSWLPLVDWLRQ GHV SHUIRUPDQFHV GHV EI
GX F\FODJH GH OD EDWWHULH HVW HQFRUH PDO FRPSULV HW
Plusieurs résultats dans la littérature ont mis en évidebdeL PSRUWDQFH GH OD SRURYV
VSPpFLILTXH GHV SRXGUHV XWLOLVpHV FRPPH PDWpULDX][ C

performances des batteries.
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'‘DQV OYRSWLTXH GYIYXQH FRPSUpKHQVLRQ GHV GLIIpU
performances des batteries a lithition, les travaux de recherche dans le cadre de cette thése sont
RULHQWpV YHUV OYpWXGH GHV GLIIpUHQWY PpFDQLVPHV j O
QDQRSDUWLFXOHYV GH GLR[\GH GH WLBNDH H3 DAR D VO®HOCQH V O
contrble de la morphologie des nanoparticules de dioxyde de titane, afin de les utiliser comme
PDWpULDX[ GIDQRGH SFNWRHXPEDWWH HI[EORURQILPSRUWDC
surface spécifigue des paed de dioxyde de titane préparées, dans la détermination des

performances des batteries a ion lithium a été étudiée.

/IH &KDSLWUH , HVYW XQH pWXGH ELEOLRJUDSKLTXH GH O
dioxyde de titane et les batteriethium-ion. La premiére partie a été consacrée principalement
aux méthodes de syntheses de nanoparticules de dioxyde de titane, avec une attention particuliére
a la méthode hydrothermale. Nous avons présenté dans cette partie, les différents parametres
caractérisant les nanoparticules de JiCes applications des nanoparticules de-Tift été aussi
abordéesla deuxieme partie de ce chapitre a été consacrée aux batteries & litftu@ HW O L QW p

GIXWLOLVHU OHV QDRRP\WPWM UKD W aitddelKaBefitibr2particuliere a été
apportée au positionnement des travaux réalisés par rapport a la littérature dans le domaine.

Par la suite, le manuscrit est structuré en articles exposant les résultats obtenus, et chaque
article est précédé panuésumeé, décrivant de maniere succincte les résultats reportés dans cet
DUWLFOH J/HV GLIIpUHQWY UpVXOWDWY UHSRUWpPV GLVFXW|

morphologie, dans le cas de la synthése hydrothermale des nanoparticules de TiO

Nous avons mis en évidence la possibilité de préparer des nanoparticules de dioxyde de
titane de différentes morphologies, en utilisant la synthese hydrothermale en solution alcaline de
NaOH. La méthode de synthese hydrothermale permet de contrbleisa la ¢astallinité, la taille
des particules ou encore la morphologie. Parmi les paramétres de synthése que nous avons fait
varier, il y a la température, le temps de réaction dans le réacteur (autoclave), et la nature du
précurseur de Tigutilisé pourOD VIQWKgVH /D QDWXUH GH FH GHUQLHU V
HVW RULJLQDOH SDU UDSSRUW j OD OLWWpUDWXUH HW D SHL

formation: des nanofeuillets, des nanotubes et des nanorubans gde TiO

149



Dans un premietemps, nous avons utilisé le précurseur de Ti©QPOur la synthétise de
QDQRSRXGUHV |j EDVH dé plitadd)gnatdse st de ithillé lc@ntrblée. Les différentes
caractérisations ont montré que les agrégats sont formés de nanoparticules derTi@ taille
varie de 4 a 10 nm. En utilisant ces agrégats de deé@me précurseur, une solution alcaline de
NaOH, et en faisant varier la température et le temps de réaction, nous avons mis en évidence un
contr6le de la morphologie. Selon les conditioesynthése, nous avons obtenu des nanofeuillets,
des nanotubes, des nanorubans et des nanoursins. Pour les différentes morphologies, le temps de
synthese était inférieur ou égale a 6 h, ce qui est un record par rapport a ceux rapportés dans la
littérature SR XU GIYDXWUHYVY SUpFXUVHXUV

Par ailleurs, la synthése implique deux intermédiaites titanates de sodium et les acides
WLWDQLTXHYVY HW HOOH VH GpURXOH HQ WURLY pWDSHV 'YDE
obtenue subit des échangeGfLRQ HW OH WLWDQDWH GH VRGLXP HVW WU
un traitement thermique. Pour les temps de réaction de 6h et a la température de 100°C ou 150°C,
nous avons observe la formation de nanoursin. La formation de cette morphoRgieynO DY R QV
expligué par un assemblage désordonné de nanofeuillets de Ai@ température de 200°C et
pour un temps de 6h, nous avons observé la formation de nanorubans de faible épaisseur (<10nm)
HW GIXQ GLDPqWUH GH ] QAV0°G Bt Xite@ i3 d& tddtBop deDWndusH G H
avons observé la formation de nanorubans, tandis que, pour les temps court de 15min et 180min
nous avons observé respectivement des nanofeuillets et des nanotubes Earli@e analyse par
microscopie électronigd j KDXWH UpVROXWLRQ QRXV DYRQV PLV HQ
nanofeuillets, qui évolue dans un temps ultérieur vers des nanotubes. Par ailleurs, nous avons
observé une coexistence de nanofeuillets de la taille des nanoparticules -dav@@Odes
nandeuillets de diamétre un peu plus grand. Ces différentes morphologies sont probablement les
GLIIlpUHQWHY pWDSHYVY GH IRUPDWLRQ GT1XQH PrPH PRUSKROR
synthése en milieu alcalin de NaOH, il y a insertion des ionsihias & structure de Tiget son
exfoliation dans une seconde étape, pour former les nanofeuillets de taille plus grande par
FRDOHVFHQFH 1RV GLIIpUHQWHY REVHUYDWLRQV YRQW GD!
SURFHVVXV GYH[IROLDW L Rfas WocssuE BeliicddIMtibiHd@dndnbpEvticQles
HW IRUPDWLRQ GARFXNDYBQW GHDMV2HPEOHU SDU OD VXLWH S
I1RWUH VXJJHVWLRQ GH PpFDQLVPH SDU H[IROLDWLRQ FREL
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expériences. ENWLOLVDQW GHV SUpFXUVHXUV GH G,Llndys@wosWHYV W I
PRQWUpP TXYfRQ REWLHQW GHVY QDQRUXEDQV GH GLIIpUHQWHYV
agrégats. Par ailleurs, comme les nanorubans sont obtenus a des temps plaisddeg mémes

FRQGLWLRQV TXH OHV QDQRWXEHV SURXYHQW TX{LOV VRQ

par coalescence.

Concernant les phases des différentes morphologies de d@s avons montré que les
nanofeuillets, les nanotubes et les nasmgr cristallisent sous la phase de AK), alors que les
QDQRUXEDQV VRXV IRUPH GYXQ PpODQJH GH SKDVHV TXL Gp¢
taille de nanoparticules de Ti@u précurseur. Pour une température de synthése de 100°C, nous
avonsobservé un mélange de phases avec une prédominance de la phase Brookite aux dépens de
OD SKDVH DQDWDVH 'DQV OH FDV GYXQH WHPSpUDWXUH GH

nanorubans avec un mélange de phasegB)@natase avec une prédominaneeld(B).

Les poudres de TiDde différentes morphologies ont été utilisées comme matériaux
GIDQRGH SRXU O H Viok, iwidiHavdnbl &/ajuddieuvs idridimances en termes de
FDSDFLWp VSpFLILTXH HW GH F\FODELOLWp 1RV UpVXOWDW\
GTLQIOXHQFH VXU OD FDSDFLWp TXH ORUV GHV SUHPLHUYV F
diminue pour se stabiliser dans un second temps. Par microscopie électronique a balayage, nous
avons montré que les différentes morphologies se transformeagrégats, lors des premiers
F\FOHV SDU XQ SURFHVVXV GH GpVLQWpJUDWLRQ /RUV GHV ¢
OLWKLXP XQH YDULDWLRQ GH YROXPH VH SURGXLW HW HOOI
La différence entre les pacités des différentes morphologies de2Ti0Ors du premier cycle de
GpFKDUJH FKDUJH SHXW VJH[SOLTXHU j OD IRLVY SDU OD VXUI
de leur porosité en termes de la taille des pores et leurs connectivités. ddoeirem lumiere le
réle de la connectivité des pores, nous avons préparé des poudres formées par un mélange de
QDQREDW{QQHWYV H\W5e®1 BsldomdXibng/éxp&imerital2s de synthése, nous avons
fait varier le taux de couverture des nanobag&ds par les agrégats, ce qui a pour effet de modifier
OD FRQQHFWLYLWp GHV SRUHYVY GDQV OD SRXGUH (Q WHVWDC(
les batteries a lithiuAon, nous avons montré que la capacité spécifique des batteries, dépend

fortementdu taux de couverture des batdnnets par les agrégats et donc de la connectivité des pores.
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Le dernier chapitre est consacré a la conclusion générale, qui fait la synthese des résultats
PDUTXDQWYV GH OD WKgVH HW IDLWVUHYVMREHQMIL OLJHES/S IRRIQV GF
clés, pour la préparation de batteries a lithtomavec de meilleures performances. Par ailleurs,
VXLWH j OD FRQFOXVLRQ GHV YRLHV SRXU OYDPijtfdubRUDWLR
ont été évoquées, etXUURQW r'WUH OYREMHW GH SHUVSHFWLYHV SR
I MXWLOLVDWLRQ GH GLIIpU#QSIoHtymm&pan éxéXpleDdds InBnQpdrtiGutes? L 2
F ° Xddquille de TiQ@SIQ sont a prévoir, pouaugmenter considérablement la caggac
spécifique de la batterie a lithivion. Le SiQ possede une tres grande capacité spécifique, mais
aussi une trés grande variation de volume, lors des processus de charge et décharge, ce qui accélere
OD EDLVVH GH OD FDSDFL W portigMraBadn d® Sigkt de D@ $oht@ envigagé. D X W
La recombinaison des deux oxides peut augmenter la capacité spécifique de la batterie, toute en
réduisant la variation de volume des électrodes lors des processus de charge et décharge. La
variation de wlume importante des électrodes de S&3t un frein au développement de batteries
avec SIQ FRPPH PDWpULDX[ GTDQRGH /D SUppodraE HimBWEXQH FR)
OYDPSOHXU GH OD YDULDWLRQ GH YROXPH HW GRQF VRQ LPS
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RESUME

Les nanomatériaux ddioxyde de titane (Tiw VRQW GH SRWHQWLHOV PDWpULDX[ GY
LRQ OLWKLXP HW SRXUURQV UHPSODFHU OH JUDSKLWH TXL HVYV
GIDYRLU XQH IDLEOH YV GHDOW/IRYV BHWIRROX B VERWLRQ GHV LRQV

Dans ces travaux de thése, nous avons synthétisé des nanomatériaux de différentes morphologies en u
nanoagrégats de Ti@omme précurseur, une solution alcalileeNaOHet la méthode de synthése hydrothermale.
IDLVDQW YDULHU OD WHPSpUDWXUH HW OH WHPSV GH UpDFWLR(
morphologies de Tig) tels que les nanofeuillets, les nanotubes, les nanoursins ehtgsiltens. En faisant varier I¢
conditions de synthése, nous avons pu comprendre certains mécanismes de formation des différentes masaht
GHV SURFHVVXV GYH[IROLDWLRQ FRDOHVFHQFH HW HQURXOH PialgQ
GIDQRGH SRXU OHV-ida DWW HIROHW Q PXWYRRPHY LQWpUHVVpPpV j OTL
sur la capacité et la cyclabilité des batteries a lithiom Nos résultats ont mis en évidence la transformation ¢
morphologiedes poudres, lors des premiers cycles de décharge/charge en agrégats, garTi@ processus d
GpVLQWpPpJUDWLRQ $SUgV OHV SUHPLHUV F\FOHV QRXV DYRQV P
nanoagrégats de T#Jqui dominent leperformances des batteries a lithion.

Par ailleurs, nous avons préparé des nanobatonnets gaV¥@0 différents taux de couverture de nanoagrégats de
en faisant varier principalement la températeteen utilisant la méthode de synthésdrbthermale. En utilisant ce
SRXGUHYVY FRPPH PDWpULDX[ GTDQRGH SRXU OHV E D Wavidtibhk duaux der
couverture des nanobéatonnets par les agrégate influence sur les performances des batteries, en termpatéé.
HW GH F\FODELOLWp &H UpVXOWDW QRXV OYDYRQV H[SOLTXp HQ
préparées.

MOTS CLES

Nanomatériaux de TiD PDWpULD X[ G 1D Q Raidsité Batiedi&sk OtiMuliar V

ABSTRACT

TiO2 nanomaterials arapromising candidatasanode materials for Lithiusion batteries application, and cowddon

replace graphite, which is actually the most used material as negative electroderia@®aterials offer the advantas
of low volume variation during the discharging/charging cycling processes and high volumetric capacity.

In the framework of this thesiwork, different TiQ nanomaterial morphologies were prepared, using aggregates
as precursors, alkaline solution of NaOH #@mehydrothermal synthesis method. By changing the synthesis tempe
and time, we demonstrate that it is possible togmeegifferent morphologies of Tidanomaterials, such as nanoshe
nanotube, nanourchin, and nanoribbdre also managedVR XQGHUVWDQG VRPH DVSHFWYV
mechanism, involving mainly exfoliation/ coalescence and enrolling proc&¥sassed the prepared powders as an
materials for lithiumsion batteries, and we demonstrate that the morphologies have a strong influence only du
first discharging/charging cycles. Our results show that different morphologies are transfaoraegjnegates throug
disintegration processeas a consequence of volume variation durthg cycles After these first cycke the

performance of lithium batteries is strongly influenced by the aggregate propertesns of the specific surface ar
the porosity of prepared powders.

Furthermore, we prepared Ti@anorods decorated by Ti@ggregates with different coveraggs depending mainly
on the synthesis temperature. By using these powders as anode materials foidithatteries, we deomstrated that
the variation of the coveragate parameter has a strong influence on the lithiaom batteries performance. W
explained thispartly in terms of the powder connectivity changing with the rate coverage of the nanorods

aggregates.
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