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General Introduction

Oxide compounds are ubiquitous; they compose most of the Earth’s crust (e.g. ~66 wt% of
Si02) making them interesting materials for study due to their abundance. Furthermore, their
diverse properties offer a wide range of possibilities for applications in different fields such as
energy storage systems (e.g. electrodes for Li-ion batteries), catalysts, pigments, energy
harvesting devices (e.g. piezo and pyroelectric nanogenerators), biomedical devices (e.g.
implants, targeted drug delivery, magnetic resonance imaging and magnetic hyperthermia),
photovoltaic devices (e.g. solar cells) and optoelectronic applications (e.g. light emitting
diodes), for citing some of them.

One interesting example of versatility of metal oxides is the case of titanium dioxide (TiO2).
This compound, also known as titania, has been widely studied and employed in an array of
industrial applications due to its singular properties including high refractive index,
photocatalityc activity, and semiconductivity. Considerable efforts have been devoted to
controlling various parameters such as morphology, particle size, crystallinity and porosity for
specific applications. Interestingly, TiO> has been considered a promising substitute to replace
graphite anodes in lithium-ion batteries, mainly due to its competitive theoretical specific
capacity (335.6 mAh-g!), low cost and good chemical stability. Nevertheless, TiO, presents
poor electronic conductivity and low ion diffusion coefficient; those issues can be limited by
reducing the distance of ions diffusion (e.g. by using nanoporous structures), improving the
electronic conductivity of TiO2 (e.g. by metal atoms doping) or improving the electronic
transport (e.g. by using carbon-titania composites).

Metal oxides, including TiO», usually are obtained by high temperature methods; however,
complex oxides or nanostructured oxides could not be obtained that way. In order to
overcome this limitation, researchers started looking for new and innovative methods to
produce metastable metal oxides by low temperature wet synthesis processes such as sol-gel,
co-precipitation, hydrothermal and solvothermal methods.

The non-hydrolytic sol-gel (NHSG) technique, a variant of the conventional hydrolytic sol-gel
(HSG) method, started its development in the early 1990s. The main difference between HSG
and NHSG is that NHSG uses organic oxygen donors (commonly ethers, alkoxides or
alcohols) instead of water. NHSG has been widely used for the production of oxides, mixed
oxides and organic-inorganic hybrids materials. It proved particularly successful for the
synthesis of nanoparticles, bringing the advantages of better control over size, shape and
crystallinity, and for the preparation of mesoporous oxides in one-step, avoiding the use of
templates.

The group Chimie Moléculaire et Organisation du Solide (CMOS) of the Institut Charles
Gerhardt Montpellier (ICGM) is a pioneer in the NHSG field. The laboratory has more than
25 years of experience with this synthesis methodology, notably for the production of
catalytic materials. Exploiting the expertise of the CMOS group in NHSG, this PhD thesis
focuses on the synthesis of TiO: based materials with potential applications in the Li-ion
battery field. Two different approaches have been explored in order to improve the electronic
conductivity of TiO,, either by synthesizing TiO>-V20s mixed oxides or TiO»/carbon
nanocomposites.
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These two approaches will be presented in this PhD dissertation, following the plan detailed
below.

Chapter 1: Bibliography

This first chapter delimits the main topics of this study by bringing a general literature
overview of the essential concepts and notions. Discussion starts with a survey concerning the
non-hydrolytic sol-gel chemistry, passing by the principal reaction mechanisms. Then, the
notions of lithium-ion batteries and anode materials are treated. Finally, a third part is
dedicated to titanium dioxide and its properties; a scope of TiO> applications in the Li-ion
battery field is also explored.

Chapter 2: Experimental part: Synthesis, characterizations and evaluation of performances

This chapter briefly describes the principle of the main characterization methods employed in
this work (i.e. X-ray diffraction, N2 physisorption and electrochemical cycling). Materials,
experimental protocols and devices characteristics are also presented in this chapter.

Chapter 3: TiO2-V>0s5 Mixed Oxides

This chapter focuses on the preparation of TiOz and TiO2-V20s mixed oxides with different
Ti/V ratios using the NHSG ether route in the absence of solvent or additives. The structure,
texture and electrochemical properties are studied and compared to the literature. The effect
of the heat treatment temperature is also evaluated focusing on the anatase to rutile
transformation. Besides, the electrochemical stability of TiO: is monitored at different
potential windows. This chapter also presents the results of TiO2-V20s mixed oxides prepared
by NHSG alcohol route.

It is worth mentioning that the main results of this chapter were published in reference [1].

Chapter 4: TiO»/C Nanocomposites

This chapter describes the development of TiO,/C nanocomposites using NHSG chemistry
and pyrolysis under an inert atmosphere. Different oxygen donors have been tested, acting
also as carbon source. The discussion is based on the comparison of the TiO,/C
nanocomposites with their TiO> counterparts obtained by calcination in air. Moreover, the
mechanisms of formation of the carbon coating have been investigated by several methods.
As in the former chapter, the texture, structure, and electrochemical properties of the materials
has been thoroughly investigated. In a second part, discussion focuses on the catalytic
graphitization of the residual organic byproducts in xerogels in presence of an iron salt, i.e.
FeCls.

It is worth mentioning that the main results of this chapter were already submitted for their
publication.
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1.1 Non-hydrolytic sol-gel chemistry
Before talking about non-hydrolytic sol-gel (NHSG) chemistry, it is necessary to explain
some notions about conventional (or hydrolytic) sol-gel (HSG).

1.1.1 Hydrolytic sol-gel: history and concepts

The “Chimie Douce” or “Soft Chemistry” term was first introduced by French chemists
Jacques Livage and Jean Rouxel in 1970s [2, 3]. This concept puts together a group of
reactions allowing materials synthesis at low temperatures, thus giving access to final
products that could not be synthesized in the classical way. Syntheses carried out under these
conditions do not provide enough energy to the system, giving as results metastable and
porous materials [2, 4, 5]. Wet soft chemistry methods take advantage of the involvement of a
liquid phase into the system, improving homogeneity and providing heat control [6, 7].
Furthermore, they allow the synthesis of complex mixed oxides by mixing different
precursors in solution, while the composition of the final product can be controlled by varying
the molar ratio of reactants [8].
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Figure 1.1 Overview of the sol-gel process, principal steps to control the final morphology of the product. Figure taken
from [9].
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The sol-gel method is one of the oldest wet soft chemistry techniques to be developed which
lead to the synthesis of technologically important ceramic and glasses [5]. Actually, Ebelmen
obtained the first metal alkoxide in 1846 from silicon tetrachloride (SiCls4) and alcohol. He
observed that the product of this reaction gelled when exposed under atmosphere with normal
humidity, thus marking a point for the following researches in the colloidal gel field.
However, alkoxides were not widely industrially applied until 1930s, when they were used as
precursors for the formation of oxide films [10, 11]. The versatility of this method, as shown
in Figure 1.1, lies on the possibilities of shaping the sol or the gel, leading to powders,
nanoparticles, films, fibers or monoliths. Dense ceramics or glasses can be obtained after a
high temperature heat treatment [9]. Alternatively, if this final treatment is avoided, the sol-
gel process allows the preparation of organic-inorganic hybrid materials. Nowadays,
alkoxides have become the main precursors in the conventional sol-gel process. The two main
reactions involved in conventional sol-gel are hydrolysis and condensation (presented in
Scheme 1.1) [3, 10-13].

Hydrolysis
M-OR + H,0 ———> M-OH + ROH

Condensation
M-OH + HO-M—— M-O-M + H,0
M-OR + HO-M——» M-O-M + ROH

Scheme 1.1 Main reactions of the sol-gel process using metal or silicon alkoxides (represented by M—OR).

Hydrolysis takes place trough a nucleophilic water attack leading to the formation of
hydroxylated species. During the condensation step, there is the formation of oxo-bridges
(oxolation) and release of water or alcohol, leading to the formation of an inorganic network.
These reactions initially lead to a colloidal dispersion of particles in the solvent (usually a
water-alcohol mixture), the “sol”. Further reaction leads to a solid network confining a
continous liquid phase, the “gel”.

At that point, one can mention the main difficulty encountered in the hydrolytic sol-gel
process, namely the control over hydrolysis and condensation rates. This issue becomes
particularly important when working with metal alkoxide precursors (e.g. titanium alkoxides)
that have extremely high reaction rates, and when working with several alkoxide precursors to
prepare multicomponent oxides. Different strategies have been employed to modify the
hydrolysis and condensation rates, including playing on the concentration and/or nature of
precursors, the mode of addition of water, modification of the most reactive alkoxide (e.g.
with carboxylic acids or acetylacetone), pre-hydrolysis of the least reactive alkoxide,
regulation of pH, and elaborated mixing methods. Those parameters also have an influence
over the size and morphology of the particles obtained, or over the texture and structure of the
xerogel formed [3, 9-14].

1.1.2 Introduction to non-hydrolytic sol-gel
Non-hydrolytic sol-gel process presents an alternative to conventional sol-gel synthesis. This
technique, as its hydrolytic counterpart, also belongs to the wet soft chemistry methods.
Interestingly, even if first reports of non-aqueous synthesis investigations trace back to 1928
with the work of Dearing and Reid about alkyl orthosilicates (i.e. reactions between silicon
tetrachloride and different alcohols under anhydrous conditions) [15], it was not until the
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early 1990s that the first systematic works on the the synthesis of oxides and mixed oxides
using non-hydrolytic condensations were published. At the same time, researchers from
Montpellier, under the initiative of André Vioux, coined the term “non-hydrolytic sol-gel”
[16-18]. Since then, the use of non-hydrolytic (or non-aqueous) sol-gel methodologies have
proven highly successful for synthesizing oxides, mixed oxides and inorganic-organic hybrid
materials, either as nanoparticles or porous materials.

The particularity of NHSG is the use of organic oxygen donors instead of water, in a non-
aqueous medium. Typical oxygen donors are ethers, alcohols, and alkoxides; but ketones,
carboxylic acids or acid anhydrides are also used [4]. Typical metal or silicon precursors are
chlorides and alkoxides, but acetates, amides, acetylacetonates, etc. have also been used.

Two different classes of NHSG methods can be distinguished, depending on whether these
methods imply the formation of hydroxyl groups (by non-hydrolytic hydroxylation) or not.
Indeed, if hydroxyl groups are formed, the formation of oxo-bridges by elimination of water
between two M-OH groups is a possibility. Nevertheless, reactions involving hydroxyl groups
can be considered non-hydrolytic if the formation of water is prevented by reaction kinetics
[19], that is if the hydroxyl groups are consumed rapidly by reaction with other groups (e.g.
M-CI, M-OR).

The major difference between HSG and NHSG processes lies in the reaction kinetics. Firstly,
non-hydrolytic condensation reactions imply the cleavage of O-C bonds instead of M-O
bonds. They are thus considerably slower than hydrolytic condensations and they are also
more sensitive to the nature of the carbon group. Non-hydrolytic reactions around silicon are
much slower than around metals (e.g. Ti, Zr, Al...), but they are very efficiently catalyzed by
Lewis acid metal species. Those features supply thus better conditions for the production of
metal oxide gels and of multicomponent oxide gels, including metastable multicomponent
oxide gels and metal silicate gels (e.g. Si-Ti, Si-Zr, etc.) [20], avoiding the use of expensive
modifiers that are needed for matching the reactivity of precursors in hydrolytic routes and
obtain a homogeneous gel.

Another characteristic of the NHSG method is that the degree of condensation of gels can be
very high, allowing them to withstand the capillary pressures developed during evaporative
drying. Accordingly, NHSG is well suited to the preparation of mesoporous xerogels,
avoiding the use of templating agents or sophisticated drying procedure (e.g. supercritical
drying). Moreover, NHSG xerogels or nanoparticles usually show a higher degree of
crystallization whereas hydrolytic processes often lead to amorphous oxo-hydroxyde gels [4,
9,21,22].

Before calcination, the surface chemistry of materials obtained by non-hydrolytic processes
depends on the nature of the reactions involved, and can be very different from that of their
hydrolytic counterparts (i.e. non-hydroxylated vs. hydroxylated surfaces). Furthermore, the
presence of residual organic surface groups can influence crystal growth and morphology, and
can act as a capping agent influencing the particle shape [4, 9, 21, 22].

1.1.3 Non-hydrolytic sol-gel mechanisms
NHSG mechanisms differ from their hydrolytic counterpart; there is a wide variety of oxygen
donors, precursors and condensation reactions involved in NHSG chemistry. Thus, NHSG
routes are classified based on the nature of the predominant molecule eliminated during
condensation, or on the nature of the oxygen donor [19].
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1.1.3.1 Alkyl halide elimination
This non-hydrolytic synthesis method was among the first to be investigated, either for the
synthesis of bulk oxides and mixed oxides or for the synthesis of nanoparticles.

It 1s based on the condensation between metal alkoxide and metal halide (usually chloride)
groups leading to the elimination of an alkyl halide and the formation of oxo-bridges, at
temperatures of ca. 100-150 °C. Thus oxides and mixed oxides can be prepared by reaction of
metal or silicon chloride(s) with metal or silicon alkoxide(s) oxygen donor(s), by the so-called
“alkoxide route”. In addition, metal alkoxide groups can be formed in sifu by reaction of
halide groups with an ether or an alcohol (“etherolysis” or “alcoholysis™); then, these alkoxide
groups can further condensate with the remaining chloride groups. These options offer the
possibility to prepare oxides by reaction of chloride precursors with ether (“ether route™) or
alcohol (“alcohol route) which is particularly attractive when alkoxide precursors are
expensive or difficult to obtain [9, 19, 21]. In the case of the “alcohol route”, the mechanism
can be more complicated due to the inevitable release of HCI, which may catalyze secondary
reactions [9, 19, 21, 23]. It will depend on the nature of the alcohol: tertiary or benzylic
alcohols can lead to the formation of hydroxyl groups (“non-hydrolytic hydroxylation) with
elimination of alkyl or benzyl chloride, and these hydroxyl groups can then condense with M-
CI groups to form oxo-bridges with (“HCI elimination”). The different reactions involved in
alkyl elimination routes are displayed in Scheme 1.2.

Condensation with alkyl elimination
M-Cl + M-OR ——» M-O-M + R-Cl

Etherolysis
M-Cl + ROR —— > M-OR + R-Cl

Alcoholysis

Alkoxilation
M-Cl + ROH — > M-OR + H-CI

Condensation with non-hydrolytic hydroxylation
M-Cl + ROH — > M-OH + R-CI

Condensation with HCI elimination
M-Cl + M\-OH ———> M-O-M + H-CI

Scheme 1.2 Different NHSG reactions involved in alkyl halide elimination routes.

Different oxides, mixed oxides and multi-compound metal oxides have been obtained by alkyl
elimination routes. In order to show the scope of these NHSG routes, a list of different oxides
(binary, tertiary and mixed oxides) obtained using alkyl halide elimination as reaction
mechanism is presented in Table 1.1.

The most used oxygen donors are diisopropyl ether (‘Pr.0) and benzyl alcohol. Diisopropyl
ether has been widely explored for the synthesis of mesoporous mixed oxides catalyst. It
offers a one-step route to non-ordered mesoporous materials with controlled composition and
interesting textural properties, similar or higher than that of their ordered mesoporous
counterparts [21, 22], while avoiding the use of templates or supercritical drying. The “benzyl
alcohol route” has proven to be a highly efficient, surfactant-free way to prepare a wide range
of oxide nanoparticles (i.e. binary, ternary and doped oxides) [24]. Its use has also been
extended to reactions involving metal alkoxides, acetates or acetyl acetonate precursors [25]



and more recently to the synthesis of doped LiFePO4 nanocrystals [26]. In this PhD thesis, the
ether and to a lesser extent the alcohol route have been used to prepare TiO> based materials.

Table 1.1 Examples of oxides and mixed oxides obtained by alkyl halide elimination routes.

Metal oxide Metal precursor(s) Oxygen donor(s) Reference
Ti(O'Pr)4; 'Pro0; 'PrOH; THF;
TiO2 TiCls DME; Et;O; EtOH; ‘BuOH; [27-35]
BnOH
Si0s SiCly Pr0; Estf(g’Ef)lfO Pr)s; [36-38]
ALO; AlBr3; AIC; Alffl (lg?];’u it(gr?g)“ [39-43]
SnO» SnCly; SnCl, Pr,0; Sn(O'Bu)s; Sn(OEt), [43, 4]
ZrO; ZrCly Pr,0 [35, 45]
WOs WCls Pr,0 [45]
Co304 CoCl, EtOH; BnOH [46]
CoO Co(ac)> BnOH [47]
FesOs Fe(acac)s; Fe(acac); BnOH (47, 48]
Fe(ac)
MnO, Mn304 Mn(ac)>; Mn(acac), BnOH [47]
ZnO Zn(acac); Zn(ac) BnOH [47]
Ag, Nb, Fe, Eu, Co)/ | AICls; AgCl; NbCls; ;
e ALO; ) FeCls; E§C13; CoCly Pr0 [49-53]
Sn/In,03 SnCly; InCls EtOH [54]
(La/Eu)/NbOs NbCls; LaCls; EuCls EtOH [55]
Al1,03/S10, AlCl3; SiCly EtOH; 'Pr.O [56]
Sn0O,/Al>03 SnCly; SnCly; AlCI3; Al(O°Bu)sz; Sn(OEt), [43]
Si0,/ZrO; SiCly; ZrCly Si(O'Pr)4; P20 [57, 58]
Ti02/Si02 TiCly; SiCly Ti(O'Pr)s; Si(O'Pr)4; 'Pr2O [36, 58-62]
Ti02/Z10; TiCls; ZrCly 1o Pr{;‘ﬁf‘ﬁﬁ%“’ PRO; 1 135, 63, 641
Ti02/Al,03 TiCly; AICI3 Ti(O'Pr)s; AI(O'Pr)s; P20 [64-66]
Ti02/V20s TiCls; VOCl;3 Pr,0 [1, 67, 68]
Si02/NbVOs SiCls; NbCls VO(O'Pr)3; Si(OEt) [69]
Zr/WOs WClg Z1(O'Pr)s-'PrOH; 'Pr.O [45]
Si02/A1,03/M003 SiCls; AICl3; MoCls Pr,0 [70, 71]
Si02/Al,03/Re>07 SiCls; AICI3; ReCls Pr,0 [72]
Si-Al-Co oxide AlCls; CoCl, Si(OEt)4; 'Pr20 [73]
Y203(Eu203)-V20s | VOCl,; YCls; EuCls EtOH [74]
Ti102/V205/(MoO3 or TiCls; VOCls; ;
WO(3) MOCls; WCl Pr,0 [75]
(Tm/Tb/Eu)Y3Al5012, | AlClz; YCI3; TmCls;
(Tm/Tb/En)Y4ALOs TbCls; EuCls EtOH [76-80]
(Eu)SrWO4 WClg; SrCl; EuCls MeOH [81, 82]
BaTiO3 Ba; Ti(O'Pr)4 BnOH [47, 83]
(Ba,Sr)TiO; Ba; Sr; Ti(O'Pr)s BnOH [83]
Na3ZrSi>2PO12 SiCly OP(OBu)3; Zr(O'Bu)s; NaO'Bu [84]
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1.1.3.2 Ether, ester and acetamide elimination

Other typical non-hydrolytic condensations involve ether, ester or acetamide elimination,
which are presented in Scheme 1.3. Ether elimination involves the formation of the oxo-
bridges by the reaction between two metal alkoxide groups; it requires higher synthesis
temperatures than the alkyl halide elimination. This reaction mechanism allows the direct
obtention of inorganic molybdates or tungstates in the presence of pronounced basic alkoxides
[9]. Concerning the ester elimination, it consists in the condensation between metal alkoxides
and metal carboxylates (acetates); this route has commonly been used to obtain mixed metal
oxides [9, 19, 21]. Another possibility is the reaction between metal alkoxides and acetic
anhydride, which has been used to prepare TiO, [27]. Acetamide elimination has been
recently developed by Pinkas and coworkers to prepare metallosilicates (M = Ti, Zr, Al, Sn)
[85-89]. This reaction mechanism involves the condensation between silicon acetates and
metal amides.

Ether elimination
M-OR+M-OR ——— » M-O-M + ROR

Ester elimination
M-OR + M-OCOR'— » M-O-M + R'COOR

Acetamide elimination
Si-OAc + M-NR, ——» Sj-O-M + R,N-Ac

Scheme 1.3 Non-hydrolytic condensation involving ether, ester and acetamide elimination.

1.2 Lithium-ion batteries (LIBs)

The battery concept in not a recent one, it started with the works of Alessandro Volta and
Luigi Galvani in the beginning of the 19" century. Batteries are devices providing two main
functions: supply and storage of energy. They are composed by two current collectors
(positive/negative), two active materials (anode and cathode), a separator and an electrolyte

[90].

Figure 1.2 shows the components in the particular case of a lithium-ion battery (LIB). The
anode is traditionally composed of graphite (or a carbonaceous material), a lithium metal
oxide is used as cathode (e.g. LiCoO> or LiFePO4) and a solution of a lithium salt in a mixture
of organic solvents as electrolyte (e.g. LiPF¢ in propylene carbonate, ethylene carbonate, and
dimethyl carbonate —PC:EC:3DMC-). It is important to mention that a separator prevents
short circuit in the battery [91].

In a battery, the external circuit provides the electron transfer and simultaneously there is an
ion transfer via the electrolyte to ensure the electroneutrality of the system. Those transports
correspond to redox reactions. Therefore, when a reaction finishes the electron transport also
ceases. If the battery exhibits reversibility of the process by applying an external current (i.e.
rechargeable battery) it is called a secondary battery; that is the case of Li-ion batteries that
are also known as “rocking-chair” batteries [92, 93].

Li-ion batteries were not the first lithium batteries to be produced. The use of lithium in a
battery system was firstly proposed in a 1949 patent [93]. However, the development of
lithium battery investigations started in 1962 using MnO, and metal Li as electrodes (cathode
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and anode respectively). One decade later, SANYO Inc. began their commercialization. Those
batteries presented severe issues, principally explosions due to overcharging, overheating,
short circuit due to the formation of Li dendrites (i.e. they pierce the separator) and poor
Coulombic efficiency (i.e. short life cycle) [92, 94]. The solution to this problem arrived with
the modification of electrodes, notably the abandon of metal Li anodes. Thus, lithium battery
technology moved towards other anode materials that could allow the lithium
intercalation/deintercalation processes, having lower production costs and higher capacities.
Thus, in 1991, Sony Inc. gave birth to the first commercial Li-ion battery using LiCoO> and
carbon as electrodes (i.e. cathode and anode respectively) [90, 92].
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Figure 1.2 Scheme of components of Li-ion batteries. Figure taken from [95].

Materials used as electrodes in Li-ion batteries exhibit different work potentials as observed in
Figure 1.3. The Li-ion potential of the battery corresponds to the difference between the
potential of the eletrodes (i.e. cathode and anode) versus Li'/Li. It is noteworthy that anode
materials exhibit a huge difference in capacity as compared with lithium metal. Besides, as
graphite has been the classical anode material and it does not contain any lithium, cathodes
needed to be also the lithium source. Thus, researches moved to the development of lithium
based intercalation compounds to be employed as cathodes [96].

Concerning the electrolyte, Li-ion batteries broke the use of aqueous electrolytes due to the
high reactivity of lithium with water, leading thus to the use of organic based electrolytes.
This organic electrolyte contains from two to four carbonate based solvents because they are
aprotic, polar and have a high dielectric constant allowing the formation of high concentration
lithium salt solution. Regardless the nature of the other carbonate species, the presence of
ethylene carbonate (EC) is necessary because it ensures the reversibility in the anode. EC
decomposes at the anode forming a passivation layer; also know as surface electrolyte
interface (SEI), during the first cycle. This layer prevents the co-intercalation of the other
solvent molecules into the anode leading to exfoliation or disintegration of the electrode.
Therefore, only Li" could intercalate into the active material. SEI is also responsible for
capacity loss between the first and second cycle [92]. Those side reactions consume
accessible lithium giving capacity fade during cycling [97].

It is worthy to mention that electrolyte also contains some additives that help to improve the
electrochemical performance of Li-ion batteries. They usually do not exceed 5% of the
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electrolyte (in either weight or volume). Additives possess different functions such SEI
forming improver, cathode protection agent, salt thermal stabilizer, safety protection agent
(i.e. overcharge protector and fire retardant agent) and ionic conductivity enhancer among
others [98].
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Figure 1.3 Voltage versus capacity for positive- and negative-electrode materials used in Li-based cells. The output
voltage values for Li-ion cells and Li-metal cells are also represented. Figure taken from [96].

Li-ion batteries are characterized by having high specific energy and power density, a good
efficiency and long life cycle. Moreover, Li-ion batteries will continue to dominate the
portable storage market for the years to come. In fact, Li-ion batteries are considered as the
best option to guarantee the supply of energy for the electric (EVs) and hybrid-electric
vehicles (HEVs), even if for those practical applications, Li-ion batteries will need to provide
at least twice the energy supplied by the actual technology [99]. The employment of Li-ion
batteries in EVs and HEVs will limit CO2 emissions and thus provide a better control of
pollution emissions. Unfortunately, some issues may limit their applications. Two of them
are: (1) the electrolyte solution which displays a narrow stability domain limiting the use of
high voltage cathodes and (2) cost of production because of some cathodic compounds (e.g.
cobalt) [91, 100]. Therefore, efforts need to be devoted to develop new cheaper and
environmentally friendly electrode materials with good cyclability, high Li" diffusion
coefficient, good ionic and electronic conductivity and reversible capacity. Thus, progress in
Li-ion batteries technology towards robust systems increasing energy and power density will
be ensured and, also, the new market demands will be satisfied.

1.2.1 Negative electrode materials
Ideally, the perfect anode for Li-ion batteries must be composed of low weight compounds
with low density that can intercept large amounts of Li per unit. Besides, it must be cheap,
environmentally friendly, have good electronic and ionic conductivity, a good life cycle with
stable and reversible capacity. Nevertheless, electrode materials should not be neither soluble
nor reactive with the electrolyte compounds and they could operate at a potential as close as
possible as the metal lithium one [101]. Unfortunately, this material does not exist yet.

10



Bibliography

Historically, graphite has been used as anode material in Li-ion batteries and it continues to be
used industrially because it fulfills most of the requirements for an ideal Li-ion battery anode.
Graphite presented an abundant option to replace metal lithium anodes in early lithium battery
technologies given that its laminar structure facilitates the lithiation/delithiation processes.
Nevertheless, graphite capacity is based on the formation of LiC¢ which is relatively low (372
mAh-g"). Therefore, researches started looking for other materials that could improve the
electrochemical performances of Li-ion batteries. Nowadays, there is a wide range of
possibilities of active materials with potential applications as anodes for Li-ion batteries, as
can be seen in Figure 1.3. Amongst this variety of choice, transition metal oxides have
attracted scientific interest due to the higher capacities they could reach and low cost
processes [102].

Not all anode materials for Li-ion batteries operate in the same way during the
lithiation/delithiation processes; in fact, reactions involved in those processes are different
depending on the nature of the active material. Therefore, anodes can be classified according
to their reaction mechanisms into conversion, alloy or intercalation materials [99, 102]. All
three mechanisms (shown in Scheme 1.4) have in common that Li" are the only ions involved
in reactions.

Conversion
MOy + 2yLi* + 2ye” <«——— xM + yLi,O

Alloy
MOy + 2yLi* + 2ye” ———— xM + yLi,O

M+ zLi* + ze= <«———> Li,M

Intercalation
MO, + yLi* + yoo <«——Li MO,

Scheme 1.4 Reaction mechanisms observed in anodes for Li-ion batteries.

Lithiation/delithiation mechanisms also involve structural modifications as observed in Figure
1.4. A brief description of characteristics and common materials of the three anode categories
will be detailed hereafter.

The first class, conversion reaction electrodes, corresponds to binary transition metal
compounds (i.e. MaX, —M=transition metal, X= O, S, P, F, N-) which give metallic
nanoparticles encrusted into LiyX matrix after reacting with Li [92, 103]. One of the pioneer
works in this field correspond to the research of Poizot er al [104] who started the use of
transition metal oxides this way. They demonstrated the formation of metallic nanoparticles
embedded into a lithia (Li2O) matrix. One issue observed in this kind of electrodes is the
presence of a large volume change during lithiation/delithiation processes. This strong
structural modification leads to the pulverization of the electrode. Besides, this kind of
materials evidences strong electrochemical hysteresis giving as a result poor cyclability.
Strategies trying to enhance conversion materials consist in structuring materialsat the
nanoscale; the aim is to improve the strain relaxation and limit the expansion/shrinkage of the
anode. Another option is the application of hollow materials where the void space can be
advantageous towards volume changes [102, 105, 106].
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are still an issue
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Figure 1.4 Structural changes observed during lithiation/delithiation processes in Li-ion batteries electrodes; black,
blue and yellow circles correspond to voids in crystal structure, metal and lithium respectively. Figure taken from
[92].

The second mechanism concerns alloy type materials. Elements of group IV and V such as Si,
Ge, Sn, Pb, P, As, Sb and Bi have been studied as anodes for Li-ion batteries due to their
capacity to form alloy phases with lithium, most of them at ambient temperature [107-111].
This category includes two processes. The first one concerns the reduction of the oxide to the
respective metal to conform, in a second process, an intermetallic compound (i.e. Li alloy;
Scheme 1.4). One must keep in mind that the first process is irreversible and leads, as a
consequence, to capacity loss during the first cycle [101]. Those materials offer higher
capacities than graphite (e.g. 4212 mAh-g! for a fully lithiated lithium-silicon alloy —Lis 4Si—
versus 372 mAh-g! for graphite [105]) and even higher than intercalation type materials [112-
114]. However, they have several issues concerning life cycling. Apart from huge irreversible
capacity during the first cycle; they also suffer a large volume expansion (~400 %) during
lithiation/delithiation processes [91, 107]. It has been proven SEI formation in alloy type
anodes, agglomeration of alloy particles and lithium trapped in the host due to slow release
kinetics. All these factors lead to a progressive decohesion and finally the disintegration of the
electrode (i.e. capacity fade) [92, 97, 103, 113]. Although, efforts have been made to reduce
volume change, it remains the biggest issue for alloys materials.

The last category, intercalation type materials includes principally carbonaceous materials,
which were the first ones to be used in Li-ion batteries, and titanium oxides. Those materials
are the most used in market today due to the simplicity and reversibility of reactions involved
during lithiation/delithiation processes. They also exhibit the less structural and volume
modification (i.e. major issue of the other mechanisms) because of the topotactic nature of the
Li" insertion mechanism (i.e. Li" guest incorporates into the crystal host without involving
severe crystal modifications). Thus, the active material must be crystalline and possess empty
spaces (i.e. vacancies, channels or layers into the framework) in order to satisfy the
requirements for topotactic reactions [101, 108, 115].
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Carbonaceous materials are generally conformed by carbon more or less graphitized and their
structure consists of graphene-based layers serving as host for Li’. Electrochemical
performance of those materials will depend on the morphology, crystallinity degree and in
some cases even on the electrolyte composition (e.g. promoting SEI formation). An increment
of the distance between the graphene-based layers (~10 %) can be observed during lithium
intercalation. This volume change is negligible as compared with the alloy type electrodes
[108]. Despite of abundance, low cost and good electrochemical performance of this electrode
material; graphite presents, as mention before, some weakness (e.g. low power density) that
need to be solved.

Table 1.2 Summary comparing common materials used as Li-ion batteries anodes according to their type
classification; advantages and disadvantages are also presented. Table based on reference [99].

Anode Common Active Advantages Issues
Classification Materials g
. . Low Coulombic
i High capacity .
Transition metal Hioh ener efficiency
oxides LO%V cost &y Unstable SEI formation
(Fe203, CoO, . Large potential
Environmentally .
Mn;Oy, etc) . hysteresis
. friendly .
Conversion Poor cycling
Metal phosphides/ High specific
sulfides/nitrides capacity Poor capacity retention
(MXy, M=Fe, Mn, Low operation Poor cycling
Ni, Cu, Co and potential High cost
X=P, S, N) Low polarization
Large irreversible
Si. Ge, Sn, Sb, SiO, High ‘ specific capacity .
Alloy SnO capacity Important capacity
: High energy density fading
Poor cycling
Carbonaceous Good working LOW. Coulombic
. efficiency
(hard carbon, potential . .
High voltage hysteresis
carbon nanotubes Low cost . : .
High irreversible
and graphene) Good safety .
Intercalation capacity
Extreme safety
Titanium oxides S(())\?vdclcgf S Low capacity
(LiTi40s and TiO3) B TowEr Low energy density
capability

Regarding titanium dioxides, there are two major candidates that work with the redox couple
Ti**/Ti*": titanium dioxide (TiO2) and lithium titanium oxide (LisTisO12), commonly called
LTO. The case of TiO2 will be discussed in detail in section 1.3. Briefly, 3D organization of
TiOs octahedra, conforming TiO», creates interstitial sites or channels where Li" can
intercalate/deintercalate. TiO2 exhibit a work potential between 1.5 and 1.8 V versus Li*/Li
and it presents only lesser modifications in its crystal structure [101, 116]. Concerning LTO, it
exhibits a spinel structure, posseses a theoretical capacity of 175 mAh-g™! and can intercalate
up to 3 mol of Li per LTO unit (i.e. Li" occupies tetrahedral and octahedral sites of LTO
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crystal structure). LTO exhibit a potential work at around 1.5 V versus Li*/Li with small
hysteresis between charge/discharge processes and it is also consider the ‘“zero-strain”
material due to the almost null variation of its lattice parameters during such processes. Those
characteristics bring it good stability and a long life cycle; however, it also suffers from low
electronic conductivity [101, 117].

Finally, Table 1.2 summarizes the different categories of anodes materials for Li-ion batteries,
with some examples, advantages and disadvantages.

1.2.2 Towards ideal anode mterials for lithium-ion batteries

Each of the three anode classes presented above exhibits different advantages that may cover
the issues of the other two. Unfortunately, as mention before, nowadays it does not exit a
perfect electrode material that fully satisfies the characteristics of safety and electrochemical
performance for Li-ion batteries towards high energy applications. Thus, efforts must focus
on the improvement of these two characteristics. Different general strategies have been
commonly applied in designing more attractive active materials for anodes, regardless of their
category (e.g. use of carbon —coatings or composites— for enhancing electronic conductivity).

The first common approach is the design of hollow, porous or hierarchical structure materials.
These structures can provide high specific capacity, superior rate capability, and improved
cycling performance. They possess low density and high surface area promoting more lithium
storage sites and promoting a larger contact area between the electrode and the electrolyte.
Thus, the Li" flux is enhanced. This kind of structures has also been used to limit volume
changes during lithiation/delithiation processes, notably for alloy and conversion anodes [118,
119]. In most cases, it is necessary to use sacrificial templates, which may be difficult to
remove, in order to obtain this kind of structure materials [120]. For instance, Wang et al
[119] and Shen et al [121], both teams prepared TiO> hollow spheres using carbon and
cetyltrimethyl ammonium bromide —-CTAB- as templates respectively. The use of templates
is common but not mandatory as demonstrated by different template free synthesis methods
(e.g. Ostwald ripening mechanism [106, 122]).

The nanostructuring approach consist in synthesizing materials at the nanoscale (i.e.
nanoparticles, nanowires, etc.). This methodology offers the advantage of enabling some
reactions that cannot take place in the bulk material. It also reduces the diffusion path
enhancing the lithium and electron transport within the particles. In fact, decreasing the
particle size results in an increment of surface area that boosts the formation of active sites for
lithium ions. Another advantage lies in a quicker stress relaxation of particles making them
more resistant to fracture than their bulky counterparts. Moreover, in some cases,
nanoparticles chemical potential may differ from the bulk material; thus, the electrode
potential will also change enhancing the specific capacity. However, nanoparticles may be
more difficult to synthesize and the increment of surface area may introduce additional side
reactions [99, 105, 123]. For instane, it has been reported the use of different oxide nanowires
as electrodes for Li-ion batteries (e.g. TiO [124, 125], SnO [126], V205 [127], Co304 [128]).

Furthermore, the doping strategy may improve the electrochemical performance of the active
material. Doping is preferred for materials that suffer from poor electronic conductivity such
as LTO and TiOo. It involves an alteration of the crystalline structure by adding other atom
elements into the atomic framework by creating vacancies or modifying the oxidation state of
the base material (e.g. mixture of Ti*" and Ti* in LTO and TiO,) in order to guarantee the
charge balance. Doping approach usually uses, but not exclusive, transition metal cations.
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Some examples of doping elements are: N [129]; Al [130]; S[131]; V [132]; Cr [133]; Fe
[134]; Ni [135]; Cu [136]; Zn [137]; Br [138]; Zr [139]; Nb [140]; Sn [141]; Ta [142]. It is
also feasible to use two or more elements as co-doping agents (e.g. one dopant creates
vacancies while another promotes oxidation state modifications). In addition, it is important to
keep in mind that, as there is a structural modification, Li* intercalation process may also be
affected (i.e. a slight reduction in capacity) [117, 143].

The last approach involves the use of carbon as electronic conductivity enhancer. This
strategy is not limited to graphite coatings; it also includes carbon composites and hybrid
materials using carbon of different nature (i.e. graphene, fullerenes, carbon nanotubes —CNT—,
amorphous carbon and graphite). Carbonaceous coatings represent an easy option to follow
this approach; it offers the possibility to improve the electronic conductivity of active
materials without any internal structure modification (i.e. unlike doping). In the case of
conversion anodes, C-coating also helps to adjust the strain of volume changes during
lithiation/delithiation processes [102]. While, for alloy type materials, it has been proved to
have a beneficial effect enhancing the electrode life cycle [144-148]. Coatings can also
prevent agglomeration of particles during synthesis or inhibiting particle growth (i.e. keep
nanosize) [149, 150]. Those coatings generally need an organic precursor than latter is
transformed into carbon by pyrolysis under inert atmosphere and their thickness must be
controlled in order to successfully achieve good electrochemical performances [102]. Carbon
coating strategies have even been employed onto graphite spheres; those works aimed the
formation of SEI over the coating instead over the graphite particle (i.e. inter-particular SEI)
to have better yields [151-153]. On the other hand, concerning the other branch of this
approach (i.e. hybrid and composite materials); carbon (graphene or CNT) may function as a
template nuclei for growing metal oxides crystals [150, 154]. In addition, the carbon approach
has been used to create hybrid capsule materials such carbon nanofibers encapsulated into
carbon nanotubes [155] or carbon encapsulated into titania nanotubes [156]. It is worthy to
mention that, as seen for the former examples, combination of different strategies is possible
in order to optimize performances.

1.3 Titanium dioxide (TiO>)

Titanium dioxide (TiO2), also know as titania, has been an interesting material for
applications in different areas. TiO; particles have been used as white pigments, ultraviolet
(UV) light absorbers and/or thickeners in cosmetics, skin care products, food and paints [157].
One may search on the web and find more than 500 000 references containing at least one
item related to this oxide (TiO,, titania or titanium dioxide —research via Scifinder, April 24"
2017-). But, why has this material been so widely explored?

Firstly, in a world where the natural abundance of resources is limited, it becomes of utmost
importance looking through the most available ones to benefit the most. Titanium (Ti) is the
ninth most abundant element on Earth [158]; its oxide conforms approximately 0.65 wt% of
the upper continental crust. That makes of it one amongst the ten major oxides presented on
the Earth crust [159].

TiO, properties have made of it a versatile material. It presents a high refractive index (n=2.49
to 589 nm for TiO; anatase [160]) and it is known to be good degrading pollutants, due to its
good chemical stability and excellent oxidative properties. However, its efficiency is limited
to ultraviolet irradiation [161-163]. In order to enlarge it under natural sunlight (5%
ultraviolet, 43% visible and 52% infrared [164]) efforts have been focused on narrowing its
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band gap energy to extend the absorption range into the visible region [161]. Interestingly,
TiO2 has also been considered a promising substitute to replace graphite anodes in Li-ion
batteries, mainly due to its competitive theoretical specific capacity (335.6 mA.h.g!
corresponding to the insertion of 1 Li per TiO2 —x in the reaction of Scheme 1.5— and to the
complete reduction of Ti*" into Ti** [91]), low cost and good chemical stability [165, 166].

TiO, + xLi* + xe© <——» Li,TiO,

Scheme 1.5 Reaction of lithiation/delithiation processes of TiO2; x taking values between 0 and 1.

Research-wise, considerable efforts have been devoted to controlling various parameters such
as morphology, particle size, crystallinity and porosity. Such structural control opened new
perspectives in terms of applications, ranging from photovoltaic cells and photocatalysis to
biomedical applications and energy storage devices [157].

1.3.1 Polymorphs

Titanium dioxide crystals are composed by TiOs octahedra which could be organized in
different arrays depending on the connections between them. Those different arrays are called
polymorphs and all of them present the same chemical composition varying only in the crystal
structure. Titania can be found in nature under three different forms (rutile, anatase and
brookite); it is noteworthy to mention that rutile is the stable phase while the others are
metastables ones. The other polymorphs are high synthetic metastable phases, they cannot be
found in nature and require high pressure synthesis techniques in order to be obtained [167].
Interestingly, properties and applications of TiO: strongly depend on its crystal structure.
Structure of most common TiO2 polymorphs are presented in Figure 1.5, one may easily
observe the differences between the different arrays.

<

Figure 1.5 Crystal structures of (a) Rutile, (b) Anatase, (¢) Bronze, (d) Brookite, (¢) Columbite, (f ) Hollandite, (g)
Baddeleyite, and (h) Ramsdellite phases; red spheres correspond to oxygen, titanium is inside green octahedra. Figure
taken from [168].

16



Bibliography

TiO; rutile, anatase and bronze crystal phases have been largely studied for Li-ion batteries
applications (i.e. as anode material); brookite has also been investigated but in lesser measure.
All TiO2 polymorphs are active for the lithiation/delithiation processes following the reaction
presented in Scheme 1.5. Their octahedra arrays have unoccupied sites that are available for
Li" insertion. However, as crystal structure differs among them, they display different host
lattices for the insertion of lithium and different working potentials between 1.5-1.8 V versus
Li"/Li[169-171].

Rutile is, as mention before, the most thermodynamically stable form of TiO,. Its structure
forms c-axis channels which favour Li" diffusion; as a consequence, diffusion in the ab plane
is slow and poor. This characteristic makes Li" diffusion highly anisotropic, thus explaining
the lower electrochemical performance versus Li'/Li of rutile comparing with the other two
TiO2 polymorphs (i.e. anatase and bronze) [168, 171, 172]. Nevertheless; rutile nanostructures
have been proven to insert more Li" than their microsized counterparts, thus improving the
capacity [170, 173-176].

Anatase is a metastable phase of TiO, that transforms irreversibly to rutile at temperatures
above 750 °C. There is a wide transformation range due to different parameters such as
particle size, surface area, heat treatment atmosphere, impurities, doping and synthesis
method. In addition, conversion into rutile is accompanied by shrinkage of around 8% due to
the reconstructive nature of this transformation (i.e. breaking and reforming bonds) [177-180].
This polymorph has been used not only in the storage energy field; it has been claimed to be
the most photoactive polymorph with a slightly bigger band gap of 3.2 eV comparing to the
3.0 eV of rutile phase [181, 182]. Coming back to electrochemistry, anatase is considered as
one of the most promising candidates, among TiO> polymorphs, to be used as anode in Li-ion
batteries. Besides, computer simulation studies have also confirmed the superiority of TiO>
anatase over other polymorphs as the most stable host for lithium ions, due in particular to its
high stability during lithiation process [183].

Lithium diffusion trough anatase structure consists of a multi-step reaction; firstly there is a
drop of potential from the open circuit to around 1.7 V versus Li'/Li corresponding to the
formation of a solid solution between TiO; and lithium (LixTiO2; x<0.5). Then, potential
stabilizes forming a flat plateau characteristic of a two-phase reaction between the tetragonal
solid solution compound and the orthorhombic lithium titanate (LiosTiO2) to finally lead to
the formation of LiTiO, phase after another two step reaction (pseudoplateau at ca. 1.5 V
versus Li'/Li) [184-186]. It is worthy to mention that nanostructures enhance more lithium
insertion into TiO> as observed in the phase diagram presented in Figure 1.6(a). Wagemaker
et al [184] also demonstrated that the coexistence or differentiation [(o+f) or (o)+(B)
respectively| of both phases (i.e. TiO2 and LiTiO2) within one crystalline particle strongly
depends on the particle size. In addition, Figure 1.6(b) illustrates the lithiation process for
anatase Ti0O; described above.

The last polymorph discussed in this section correspond to the bronze phase —TiO2(B)—; it
was synthesized for the first time by Marchand et al/ [187] at 1980 and it is commonly
obtained by hydrothermal methods. This synthetic metastable phase may transform into
anatase phase, if heated enough [169]. TiO2(B) exhibits lower density than anatase or rutile
and a more open framework with a perovskite like layer structure offering an open channel
along the b-axis. Presence of this axis promotes fast Li* diffusion. TiO2(B) exhibits a potential
work at 1.5 V versus Li'/Li that is lower than anatase. This array possesses an unit cell with 8
Ti sites and 10 Li" sites leading to a theoretical capacity of 1.25 Li" per TiO2(B) (instead of
1). However, due to Li'~Li" repulsions only 8 Li" sites are available leading to the same
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theoretical capacity as anatase or rutile and its lithium insertion mechanism is not completely
understood [ 188, 189].

(a)

— 0 | solid Sollution T|02 Ll;TIOz TIOz/ Lio. 55TI02 Lio. 55TI02
E ol
o 20t
N
D 30+ \
@© 40t B+7)
L 5ol ‘ ]
= | O 141/amd
® 100F kinetically 7
o i ! 1 O Imma ~

120 restricted .

14%—0 TR oE ~0I 141/amd ‘ '

4 ; 4 i 0.8 i
LiTiO, Lios5TiO2/ LiTiO,

Li fraction (Li/Ti)

Figure 1.6 (a) Phase diagram of the Li composition in TiO2 anatase as function of particle size (a, p and y correspond
to anatase, lithium titanate and LiTiO: respectively); and (b) scheme of phase transition upon Li insertion in anatase
TiO:. Figures taken from [184] (a) and [185] (b).

Finally, a summary of structural and electrochemical properties of the different TiO crystal
phases is presented in Table 1.3. It also includes the other polymorphs not discussed in this

section for comparison.

Table 1.3 Structural and lithiation properties of TiO2 polymorphs. Table based on references [168, 190].

Polvmorph Space Grou Density Lattice Lithiation for | Lithiation for
y P P P (g' cm®) | parameters | bulk material | nanomaterial
Tetragonal a=3.79
Anatase 141/amd 3.79 =9 51 0.5 1.0
. Tetragonal a=4.59
Rutile Pdy/mnm 4.13 =296 0.1 0.85
. a=9.17
Brookite | Orthorhombic | 559 |5 46 0.1 1.0
Pbca .
c=5.14
a=12.17
TiO2-B Monoclinic b=3.74
(Bronze) C2/m 3.64 c=6.51 0.71 1.0
=107.29°
TiOx-Il | Orthorhombic a2
(Columbite) Pbcn 4.33 oot - o
c=4.94
TiO2-H Tetragonal 3 46 a=10.18 . .
(Hollandite) 14/m ' c=2.97
a=4.64
TiO2-111 Monoclinic L b=4.76 . .
(Baddeleyite) P2/c c=4.81
=99.2°
) . a=4.9
TiO2-R Orthorhombic .
. 3.87 b=9.46 --- -
(Ramsdellite) Pbmn =296
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1.3.2 State of art of TiO: as anode for Li-ion batteries
Despite plethora of reports, pure TiO> —either of its polymorphs— struggles with fulfilling the
needs of emerging high energy applications. TiO> presents both poor electronic conductivity
(102 < Ec < 107 sem™ [191]) and low ion diffusion coefficient (107* < Dc < 107 cm?-s™!
[192-195]) [137, 140, 171]. In this context, doped TiO; and TiO»-based nanocomposites have
been of valuable interest in order to make it competitive for energy storage applications [102,
143, 196, 197].

As discussed before, doping aims to improve the electronic conductivity of the active material
(i.e. TiO2 anatase) by the creation either of vacancies or a mixture of Ti*" and Ti*" oxidation
states. The electronic conductivity of TiO2 depends on the oxygen vacancies and interstitial
metal atoms in the framework. Thus, introducing higher valence elements like vanadium
(V") should promote the reduction of Ti*" to Ti**, enhancing thus the electronic conductivity
of TiO,. During the last two decades, researches have used different atoms as doping agents
(see section 1.2.2). Only few reports using vanadium have been found for this particular
application (i.e. V-doped TiO> and Ti0O;-V20s mixed oxides has commonly been used for
catalyst applications). For instance Anh ef al [132] and Reddy et al/ [143] added this element
into the TiO; structure using solvothermal and molten salts synthesis methods respectively.

Alternatively, few groups proposed to use the non-hydrolytic sol-gel (NHSG) route to prepare
Ti0., TiOz-based mixed oxides and nanocomposites. The special feature of NHSG routes lies
in the fact that they allow the synthesis of metal oxides through the use of organic oxygen-
donors (typically alcohols and ethers) instead of water. NHSG chemistry is rather versatile
and has been seen as a simple surfactant-free route to obtain mesoporous metal oxides without
any template; an interesting point since hollow and porous structures enhance lithium
diffusion (see section 1.2.2). Besides, NHSG presents the main advantage of allowing the
synthesis of mixed oxides in a one-step process, unlike its hydrolytic counterpart [4, 19, 20,
22].

When aiming at improving electrons transport, the coating of TiO> onto highly conductive
carbons has been very favored. Particularly, with the emergence of nanocarbons, the coating
of TiO; layers onto carbon nanotubes [198] and graphene-based [199-201] materials has been
widely investigated. The other way round, i.e. the coating of carbonaceous layers onto TiO>
particles, has been also largely studied. Such coatings should be homogenous and thin in
order to allow Li ion diffusion through the carbon layer. It was demonstrated that the
homogeneity of the carbon coating rather than the carbon/titania ratio plays a key role in
tuning electrochemical performances [202-204]. Even though commercial TiO; particles are
commonly used [205-208], the synthesis of original TiO; particles and the subsequent coating
using various carbon precursors has been widely developed [209, 210]. A large variety of
carbon precursors has been reported such as sucrose [211, 212], glucose [213, 214],
poly(vinyl pyrrolidone) [215], dopamine [216], pyrrole [217], nanocellulose [218] and
ethylene [219]. However, such multi-step strategies often involve a large excess of carbon
precursors and suffer from rather inhomogeneous carbon coating. Besides carbon precursors,
co-polymers and/or surfactants are usually necessary to generate mesoporous and/or
nanostructured particles, involving extra costs.

Regarding the specific case of TiOz-carbon composites, NHSG has been sporadically
employed. For instance, Wang et al/ [220] used titanium (IV) chloride and anhydrous ethanol
as oxygen-donor and carbon precursor. In this direct approach, neither extra surfactant nor
solvent were necessary. Interestingly, the authors claimed the formation of C-doped TiO; as a
result of the diffusion of the carbon atoms during calcination. More recently, Tahir et a/ [202]
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reported on the in situ polymer functionalization of carbon-coated TiO> particles obtained via
an alcohol NHSG route. Besides titanium (IV) chloride, benzylalcohol (oxygen-donor) and
DMF (solvent), block copolymers were employed as carbon precursors. The presence of both
chelating ligands (i.e. hydroxymate) to coordinate titanium cations and graphitizable blocks
(i.e. polyacrylonitrile) allowed obtaining uniform and homogeneous carbon coating. In
addition, in the last example, as-synthesized composites were tested as anode materials for
sodium-ion batteries.

Inspired by those reports two different approaches have been explored aiming the
improvement of the electronic conductivity of NHSG derived TiO», either by synthesizing
Ti02-V20s5 mixed oxides or by preparing TiO»/carbon nanocomposites forming a in situ
carbon coating.
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2 Experimental part: Synthesis,
characterizations and evaluation of
performances

This chapter, composed by two sections, firstly focuses on the principles of the main
characterization analyses used for the materials prepared during this PhD thesis. The second
part is dedicated to the materials, the protocols for synthesis and preparation of TiO2-V>0s5
mixed oxides and TiO»/C nanocomposites which results are discussed in the following
chapters and the characteristics and parameters of the equipement.

2.1 Principle of the main characterizations techniques

Three techniques were widely explored during this PhD thesis on the basis of the main
characteristics of materials in which this project was focused on: crystal phase, surface area
and specific capacity. As discussed in section 1.3.1, lithium insertion into titania structure
depends on the crystal phase; thus a key parameter to be controlled by X-ray diffraction was
the polymorphism of the samples, specially the TiO: anatase and rutile crystal phases. In
addition, as discussed before, porosity of materials enhance the lithium diffusion/insertion
processes inside the structures; this was checked by molecular nitrogen physisorption. The
last characterization technique, considering that the aimed application was Li-ion batteries
anodes, concerns the analysis of the electrochemical performance of the synthesized materials
via electrochemical cycling.

2.1.1 X-ray diffraction
For instrument and methods effectively used, see section 2.2.5-Devices characteristics.

The X-ray diffraction technique is a powerful tool to determine the crystal structure of
materials, their particle size and even the orientation of a single crystal into a polycrystalline
framework. The X-rays were discovered in 1895 and their wavelengths are included into the
0.525 A range; however, it was not until 1912 that a crystal was used for the first time as
diffraction network and one year later W.H. and W.L. Bragg determined the first crystalline
structure [221, 222].

X-rays are generated for the fast deceleration of an electrically charged particle with enough
kinetic energy. In practice, X-ray tubes contains an electron source and two metallic
electrodes; when a high voltage is applied between them, electrons are thrown towards the
anode striking the target at high speed. Thus, X-ray are the result of this impact and they
radiate in all directions. This process may generate two different kind of spectrum: the
continuous and the characteristic spectrum. The first one appears as a result of the process
previously described; while the characteristic one, only appears above a certain high voltage
value. The characteristic spectrum evidences new maxima over the continuous spectrum and
they are dependent of the electron source (i.e. they do not depend from the electron
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deceleration as continuous spectrum); this characteristic lines, notably Ka line, have allowed
the development of the X-ray diffraction technique [221].

Crystals are composed by periodic arrays of atoms along the three dimensions of a plane. The
X-ray diffraction phenomena is closely linked to the fact that the interatomic distances, in
crystals, are in the same range than the X-rays wavelength. The direction of the diffracted
beam follows the Bragg’s law (Equation 2.1)

nAd = 2d sin @ Equation 2.1

where 4 correspond to the wavelength of the diffracted X-ray; d is the distance between
atomic planes; 6 is the angle formed by the incident beam and the scattering plane and 7, an
integer, gives the reflection order. Bragg’s law can be demonstrated geometrically by analogy
to the reflection phenomenon as observed in Figure 2.1 [221, 222]. Briefly; Equation 2.2 and
Equation 2.4 can be geometrically obtained; then, as segments AB and BC are equals,
Equation 2.3 is determined. Finally, mixing Equation 2.3 and Equation 2.4,Bragg’s law is
obtained.

sing =2 =% Equation 2.2
d d

AB + BC = 2d sin 6 Equation 2.3

AB + BC =nAi Equation 2.4

R Y
Figure 2.1 Scheme corresponding to Bragg’s law. Figure taken from [222].

An easy method to determine crystallite size (L) was proposed by Scherrer as follows in
Equation 2.5.

KA
o B cosB

Equation 2.5

where K is a geometry factor which value is close to 1 (usually 0.9); g is full width at half
maximum (FWHM); A correspond to the X-ray wavelength and 6 is the Bragg’s angle [221,
222].
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2.1.2 Molecular nitrogen physisorption
For instrument and methods effectively used, see section 2.2.5-Devices characteristics.

Pores can be defined as cavities or channels that appear inside materials (called porous
materials). Their surface give part of the specific surface area of materials and they can be
opened or closed (i.e. inaccessible for fluids). Aside from their shape, pores can be classified
according to their width, assuming spherical or cilindrical shape: ¥>50 nm pores are called
macropores; ¥<2 nm pores are known as micropores and 2<@<50 pores are mesopores.

To measure this parameter, adsorption of molecules on the surface of the solid is the mostly
used technique. This phenomenon can be described as the retention of atoms of a gas or liquid
on the surface of a solid by physical or chemical interactions between the solid (i.e. adsorbent)
and the fluid. However, only physisorption is used for textural characterization because it
does not modify the properties of the solid. The opposite process, desorption, consist in the
release of the adsorbed molecules. It is noteworthy that adsorption methods used for materials
characterization only take into account the opened pores because they are the only accessible
ones [223]. In the same idea, accessibility of a particular molecule will always depend of the
pore size; this is why small molecules of chemically inert gas such as N> or Ar are generally
used [223, 224].

I I
o
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nd3/ms B

v VI

p/p°

Figure 2.2 Classification of isotherms according to IUPAC. Figure taken from [223].

Physisorption isotherms classification, represented in Figure 2.2, was firstly used by Brunauer
et al [225] in 1940 and then taken in by the [UPAC (International Union of Pure and Applied
Chemistry) in 1985. Isotherms shapes give valuable information about textural characteristics
of materials. Type I corresponds to strictly microporous compounds; they present an
adsorbent saturation at low relative pressures. Type II is characteristic of non porous or
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macroporous compounds and corresponds to a multimolecular adsorption. Type IV
corresponds to mesoporous materials; this isotherm is characterized by a similar shape of
isotherm of type II at low relative pressures (P/Pp<0.42 for molecular nitrogen) and saturation
for higher relative pressures. Another feature of type IV is the presence of hysteresis due to
the irreversible process of desorption of nitrogen condensed by capillarity into the mesopores.
Shape, at low relative pressures, of type III and V isotherms evidences low interaction
between the adsorbent and the fluid. The last isotherm (type VI) is characteristic of materials
having homogenous surfaces forming adsorbing layers one after another [223, 224].

There are different adsorption theories; nevertheless, the Brunauer-Emmett-Teller (BET) one
is the most widely used for textural characterization of porous materials. This theory is based
on the formation of a monomolecular layer covering the whole surface of the adsorbent [226].
In brief, it stats that multimolecular adsorption takes place on the basis of the Langmuir
theory and takes into account that the surface may be represented as a set of superficies (S,
N=0, 1, 2, etc.). In this set of superficies, N correspond to the number of layers of adsorbed
molecules and those molecules may serve themselves as adsorbent sites for further ones, with
no interaction between adsorbed molecules [227]. So, they established a relationship between
the relative pressure (x=P/Py) and the adsorbed amount of fluid (n“) for a limited number of
layers N (Equation 2.6).

nt _ (C_x) (1—(N+1)xN+NxN+1)

ne 1-x 1+(C-1)x—CxN+1 Equation 2.6

nm
where n%, is the amount of fluid needed for covering the surface with a single molecular layer
and C a constant linked to the adsorption energy for the first layer £;, the liquefaction energy
of the adsorbable fluid E;, the adsorption temperature 7" and the gas constant R (Equation 2.7).

C = exp (%) Equation 2.7

When the number of layers N tends to infinity, Equation 2.6 can be simplified in Equation 2.8.

n¢ Cx

Tl?n = m Equatlon 2.8

This equation is only valid for low relative pressures (P/Pyp<0.35) and is more often used in its
linear form (Equation 2.9) also named transformed BET equation where the only unknown
values are C and ny.

PIPy 1 (C‘l) (P) Equation 2.9

n¢(1-P/Py)  n%C n4,c) \p,

The specific surface area, Szer, can be determined knowing the surface 4 of the adsorbent
following Equation 2.10. Surface A4, in turn, can be calculated once it is completely covered
by a single layer of adsorbable fluid and also knowing the occupied surface by an adsorbed
molecule 6, (6, =0.162 nm? for the case of molecular nitrogen adsorbed at 77.4 K according
to [IUPAC).

Sger = mia = (;—'Z) Nyop, Equation 2.10

with m, being the adsorbent mass and N4 the Avogadro constant (N4=6.023-10* mol™).
Besides, n“, can be determined graphically using experimental data into the isotherm linear
region (i.e. calculating the slope and the ordinate at the origin values with the transformed
BET equation —Equation 2.9-).
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The hysteresis shape, commonly observed in mesoporous materials, gives relevant
information about the pores characteristics. For instance, Figure 2.3 shows the different
hysteresis shapes according to IUPAC, H; and H» correspond to mesoporous compounds (i.e.
type IV isotherms); Hi is usually observed in materials with a narrow pore distribution; while
H> evidences intercommunication amongst mesopores. H3 appears in materials forming
aggregates and Hjs is often correlated to laminar microporous materials; the two last shapes
correspond to type II isotherms [223].

H4 H, Hy Hy

nd/ms

p/p° >

Figure 2.3 Hysteresis classification according to IUPAC. Figure taken from [223].

Finally, the molecular nitrogen physisorption technique also allows the determination of pore
size. As seen for the adsorption theories, it also exists different methods to determine the pore
size distribution; however, the Barret-Joyner-Halenda (BJH) method is the most widely used.
It take several assumptions such as porosity is constituted by independent, indeformable and
well defined (i.e. cylinder) mesopores; multilayer adsorption in mesopores follow same rules
as adsorption over a plane surface; Kelvin’s law for capillary condensation is valid for
mesopores (this law brings the Kelvin radius rx) and capillary condensation starts in pores
already presenting a multi-molecular layer of thickness ¢ which varies as function of the
relative pressure (e.g. Harkins and Jura method —Equation 2.11-). Moreover, it generally uses
the desorption branch as it is considered more representative for the capillary condensation
phenomenon. Equation 2.12 expresses the porous volume JV),, for the n” desorption step
(n>2)

0.1399 0.5 .

t= (0.034——1g(P/P0)) Equation 2.11

SV . = fp—,n 2 6Vl — 5t Zn—laa ) _ In E f 212
P \ oy n—tn n n&i=1 © %pi oy quation 2.

where 7, 1s the average pore radius, #, is the thickness of multi-molecular layer, oVl is
volume of evaporated liquid and Ja,,; is the surface of mesopores desorbed previously (i.e.
before n” desorption step). Equations 2.13 to 2.16 define the unknown values of Equation
2.12.

_ Tpntlpn-1

Ton =" — Equation 2.13

Tom =Tgn + 1ty Equation 2.14
8V .

Say; = s Equation 2.15

rp,i
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Vi=yls (ﬁ) Equation 2.16

Mq

where V' corresponds to the molar volume of molecular nitrogen at 77 K.

2.1.3 Electrochemical cycling
For instrument and methods effectively used, see section 2.2.5-Devices characteristics.

Two different techniques were used for electrochemical characterization of the TiO> based
materials: galvanostatic cycling and potentio-electrochemical impedance spectroscopy
(PEIS). As a reminder, it is important to differentiate the concepts of capacity and specific
capacity. Capacity corresponds to the amount of electric charge stored in an electrode (Q
expressed in mAh); while, the specific capacity corresponds to the former per mass unit (O
expressed in mAh-g'). Both can be calculated according to Equations 2.17 and 2.18
respectively.

Q=

AXXFXMnq

Equation 2.17
3.6XMmq

Q _  AxxF
Mma  3.6XMmg

Qn = Equation 2.18
where Ax corresponds to the number of exchanged electrons, F' is the Faraday constant
(F=96485 A sec moleiccirons'), Mma is the active material mass (g) and M, is the molar mass
(g-mol™).

Galvanostatic cycling belongs to the controlled current techniques (chronopotentiometry); it
consists of applying a constant current density to an electrode and recording the resulting
potential between the working and reference electrodes as a function of time. As current
density remains constant during measurements, electroactive species are oxidized or reduced
at a constant rate. Moreover, this technique offers the option to switch between anodic and
cathodic current densities (Figure 2.4). The determination of specific capacities during
charge/discharge processes can be evaluated by selecting the boundary potentials. Profiles
obtained using this technique brings information about multi-steps reactions during the
lithiation/delithiation processes [228, 229].

0 t

Figure 2.4 Scheme of excitation (left) and response (right) of galvanostatic cycling (cycling chronopotentiometry).
Figure taken from [229].

In literature, results obtained by cycling chronopotentiometry are most often presented either
as a function of the specific capacity or the amount of lithium inserted or extracted from the
active material as presented in Figure 2.5(a) which shows a common galvanostatic profile for
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a TiO, sample. Cycling chronopotentiometry data can be easily converted into specific
capacities knowing the mass of the active material and the current applied.
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Figure 2.5 (a) Galvanostatic charge/discharge profile of a TiO2 sample vs. Li*/Li and (b) its rate performance at
different current densities. Figure taken from [230].

It is also common the use of this kind of cycling for the evaluation of the cycling stability at a
specific capacity value or at different capacities rates, as seen in Figure 2.5(b). In this case,
the current density nC is determined in function of the active material in order to have a
virtually fully charge or discharge battery in //n hours (e.g. C=335.6 mA.g"! for a titania
electrode) [228, 229].

On the other hand, PEIS consists in exciting the system with a sinusoidal signal (i.e. potential
signal), small enough to not disturb the system, over a wide range of frequencies (from high
to low frequencies). The excitation correspond to a time dependant signal according to
Equation 2.19

E(t) = Eysin(wt) Equation 2.19

where E(t) corresponds to the potential applied at a time ¢, Ep is the amplitude and w is the
angular frequency. Therefore, analogously, the measured current response is also a sinusoidal
signal shifted by a phase ¢ ruled by Equation 2.20

1(t) = Ipsin(wt — @) Equation 2.20

When plotting the potential signal on the x-axis and the current response on the y-axis, the
shape of graph obtained is an ellipse corresponding to a Lissajous curve. Thus, the impedance,
which is a kind of generalized resistance and can be determined using the Ohm’s law,
becomes a complex function and it becomes easier to use the Euler’s formula (Equation 2.21)
and works with complex notation.

exp(jx) = cosx + j sinx Equation 2.21

Using this notation, expressions for E(#) and I(z#) becomes Equations 2.22 and 2.23
respectively.

E(t) = Eyexp(jwt) Equation 2.22
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I(t) = I exp[j(wt — ¢)] Equation 2.23
Thereby, impedance is defined by Equation 2.24

Z(w) = % = f—;’exp((p) = Zy(cos @ + jsinp) = Zg, — jZ;;m Equation 2.24
A common way to represent impedance is the Nyquist plot which displays Z, vs. Zg. for
different frequencies values (Figure 2.6). Here, a vector of length |ZI corresponds to the
impedance value and the angle formed between this vector and the real axis is correlated to
the phase shift. This representation also evidences different regions due to the frequency
sweeping (i.e. kinetic control region at high frequencies and mass transfer control at low
frequencies) as observed in Figure 2.6.
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Figure 2.6 Nyquist plot for an electrochemical system evidencing the kinetic and mass transfer control regions at high
and low frequencies respectively. Figure taken from [229].

2.2 Protocols of synthesis and analyses

2.2.1 Materials
A list of the reagents used during the different synthesis and during the preparation of samples
for electrochemical cycling are listed below; details about their obtention are noted too:

e Titanium (IV) chloride (TiCl4, Sigma-Aldrich 99%).

e Vanadium oxychloride (VOCI3, Sigma-Aldrich 99 %).

e Diisopropyl ether (‘Pr,O, TCI chemicals 99.9 %). Dried by distillation over sodium (at
least 8 h). H>O < 10 ppm as verified by Karl Fischer coulometer.

e Tetrahydrofuran (THF, Fisher Scientific 99.8 %). Dried by a PureSolve MDS5 solvent
purification system from Innovative Technology. H2O < 5 ppm as verified by Karl
Fischer coulometer.

e Iso-propanol (anhydrous 'PrOH, Sigma-Aldrich 99.5 %).

e Tert-butanol (anhydrous ‘BuOH, Alfa Aesar).

e Dichloromethane, for synthesis (CH2Cl, for HPLC, unstabilised, Fisher Chemical)
Dried by a PureSolve MD5 solvent purification system from Innovative Technology.
H>O <5 ppm as verified by Karl Fischer coulometer.
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Dichloromethane, for washing step (CH2Cl,, Carlo Erba 99.8 %).

Iron (III) chloride (FeCls, Reagent grade 97%, Sigma Aldrich)

Acetylene black (Y50A, > 99.5 %, Société du Noir d’Acétylene de 1’ Aubette, France).
Polyvinylidene difluoride (PVDF, Solef® 5130, Solvay).

N-methyl-2-pyrrolidone (NMP, anhydrous, 99.5 %, Sigma Aldrich).

Copper sheet (Goodfellow Cu sheet 99.9 %, with a thickness of 0.0175 mm).

Lithium metal (Li ribbon, thickness x W 0.38 mm % 23 mm, 99.9% trace metals basis,
Sigma Aldrich).

Lithium hexafluorophosphate (LiPFs, battery grade, > 99.99 % trace metals basis).
Propylene carbonate (PC, anhydrous, 99.7 %, Sigma Aldrich).

Ethylene carbonate (EC, anhydrous, 99 %, Sigma Aldrich).

Dimethyl carbonate (DMC, anhydrous, 99.9 %, Sigma Aldrich).

Fluoroethylene carbonate (FEC, 99 %, Sigma Aldrich).

Vinylene carbonate (VC, 99 %, Sigma Aldrich).

Sodium metal (Na, ACS reagent, dry, Sigma Aldrich).

Sodium perchlorate (NaClOa, 98 %, Sigma Aldrich).

e Titanium (IV) oxide, anatase (nanopowder, <25nm particle size, 99.7%, Sigma
Aldrich)

2.2.2 Synthesis

2.2.2.1 TiO2 and TiO2-V20s mixed oxides prepared by NHSG Pr20 route
All preparation of synthesis were carried out in a glovebox under argon atmosphere (amount
of water and oxygen <10 ppm) using stainless steel digestion vessels (23 mL) with PTFE
lining. Powders of TiO2, V205 and Ti02-V20s (with V content of 5, 10, 15 and 20 at %) were
synthesized by the NHSG 'Pr,O route. The TiO»-V20s samples were labeled TiVx were x is
the nominal vanadium atomic percentage.

Metallic precursors were introduced into the digestion vessel (23 mL); VOCIs in first place
and then TiCls, followed by the addition of a stoichiometric amount of 'Pr2O (i.e. 1 Pr2O for 2
M-CI bonds). Sealed digestion vessels were heated at 110 °C in an oven for 4 days under
autogenous pressure. After cooling overnight, the resulting solid brown gel was washed 3
times with 50 mL of CH>Cl, dried under vacuum at 120 °C for 5 hours and finally calcined in
air at 500 °C for 5 hours (heating rate 10 °C min™), leading to light-brown to reddish brown
powders depending of the amount of vanadium. Table 2.1 presents the quantities of reagents
used for the materials synthesis; last column evidence the visual aspect of samples after
calcination step.

Aside from these standard synthesis conditions, TiO> samples were kept for different aging
times in autogenous pressure (1, 2, 4 and 8 days) at 110 °C in preliminary tests. Besides, all
samples were also calcinated at 350 °C, 400 °C, 600 °C and 650 °C for 5 hours with a heating
rate of 10 °C min!.

29



Experimental part: Synthesis, characterizations and evaluation of performances

Table 2.1 Reagents used in the synthesis of TiO2, V205 and Ti02-V20s samples by NHSG 'Pr20 route.

Sample Ticl YOCL Pr:0 Visual aspect
(g |(mmol) | (g) |(mmol)| (g) |(mmol)
TiO2 |[2.374| 1252 --- --- 2.558 | 25.03

Tivs (2240 11.81 |0.108 | 0.62 [2.508 [ 24.55

Tiv10 | 2.108 | 11.11 [0.214| 123 |2.460| 24.07

Tivls | 1.977 | 1042 (0319 1.84 |2.412| 23.60

Tiv20 | 1.848 | 9.74 (0422 244 |2365| 23.14

V205 === - 1.901 | 11.00 | 1.685| 16.49

2.2.2.2 TiO: prepared by NHSG ‘PrOH and ‘BuOH routes and TiO2-V20s
mixed oxides prepared by NHSG ‘PrOH route
TiO» samples were prepared by NHSG alcohol routes using 'PrOH and ‘BuOH as oxygen
donors. Simultaneously, TiO2-V>0s mixed oxides (with V content of 5, 10, 15 and 20 at %)
were also prepared by NHSG PrOH route. Samples were labeled TiVx-OH were x is the
nominal vanadium atomic percentage.

Synthesis were carried out in a glovebox under argon atmosphere (amount of water and
oxygen <10 ppm) using stainless steel digestion vessels (45 mL) with PTFE lining. Metallic
precursors were first introduced into the digestion vessel; starting by VOCIs, followed by
TiCls. Just before the addition of a stoichiometric amount of the corresponding alcohol, 10
mL of CH2Cl:> were added into the digestion vessel. Once sealed, they were heated at 110 °C
in an oven for 4 days under autogenous pressure. After cooling overnight, the resulting solid
xerogels were washed 3 times with 50 mL of CH2Cl,, dried under vacuum at 120 °C for 5
hours and finally calcined in air at 500 °C for 5 hours (heating rate 10 °C min™'). Table 2.2
presents the reagents quantities used for the materials synthesis.
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Table 2.2 Reagents used in the synthesis of TiO2 and TiO2-V20s samples by NHSH alcohol routes.

Sample TiCl4 VOClI; iPrOH ‘BuOH
(g) |(mmol) | (g) |(mmol) | (g) | (mmol) | (g) | (mmol)
TiO2-PrOH | 2.374 | 12.52 -—- --- 1.504 | 25.03 - ---
TiO2-‘BuOH | 2.374 | 12.52 --- - - - 1.855 | 25.03
TiV5-OH |2.240| 11.81 [0.108 | 0.62 |1.475| 24.55 -—- ---
TivV10-OH |2.108 | 11.11 [0.214 | 1.23 | 1.447| 24.07 -—- ---
TiV15-OH | 1.977| 1042 [0.319| 1.84 |1.419| 23.60 -—- ---
TiV20-OH | 1.848 | 9.74 (0422 2.44 |1391| 23.14 -—- ---
2.2.2.3 TiO2/C nanocomposites prepared by NHSH Pr:0 or NHSG THF
routes

In a digestion vessel (23 mL), TiCls, (12.52 mmol, 2.375 g) was first introduced and mixed
with either 'Pr,O (25.04 mmol, 2.559 g) or THF (25.04 mmol, 1.806 g). Sealed digestion
vessels were heated at 180 °C in an oven for 4 days under autogenous pressure. The as
obtained xerogels (dark brown like powder for 'Pr,O and black small monoliths for THF)
were dried under vacuum at 120 °C for 5 hours without any washing. Then, they were
pyrolyzed under argon atmosphere at 750 °C for 4 hours (heating rate 10 °C min™') to obtain
the TiO»/C nanocomposites; or calcined in air at 500 °C for 5 hours (heating rate 10 °C min™")
for their TiO2 counterparts. Samples were labeled according to their nature (i.e. Xer- for
xerogels; TiO»- for calcinated samples and TiO»/C- for pyrolyzed samples) and the oxygen
donor (i.e. IPE for Pr,O or THF); Table 2.3 summarizes this nomenclature and Figure 2.7
shows the physical aspect of the same samples.

Preliminary tests were performed synthesizing TiO»/C nanocomposites washing the xerogels
before the drying step and, also, using phenol as oxygen donor. Different temperatures were
explored too, either for the reaction (i.e. oven temperature, 110 °C and 150 °C) or for the heat
treatment (i.e. pyrolysis temperature, 800 °C and 900 °C).

Figure 2.7 Picture of the IPE and THF derived TiO: xerogels and final products after heat treatment.
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Table 2.3 Summary of samples nomenclature for TiO2/C composites.

Sample Oxygen donor | Heat treatment
Xer-1PE -—-
TiO2/C-IPE Pr,0 750 °C, Ar
TiO:-1PE 500 °C, air
Xer-THF ---
TiO02/C-THF THF 750 °C, Ar
TiO:-THF 500 °C, air

2.2.3 Xerogels impregnation with a FeCl; solution

Xer-THF was ground; 583 mg of the resulting powder was placed in a Schlenk, and purged
three times (i.e. vacuum-Ar). Then, 5.0 mL of anhydrous THF were added and 1.0 mL of
FeCls solution (0.10 M or 0.20 M FeCl; in anhydrous THF). That corresponds to 0.5 or 1.0
mmol metal per gramme of available organic byproducts (34.3 wt% for Xer-THF). Mixture
was kept stirring for 12 h or 24 h; then, THF was evaporated at 50 °C under vacuum.
Impregnated xerogels were collected and pyrolyzed at 750 °C (heating rate 10 °C-min™!) for 4
h under inert atmosphere (i.e. Ar) or reducing atmosphere (i.e. Ar:Hz; 95:5 vol.).

224 Preparation of electrodes and assemblage of coin cells

TiO:-V:05 mixed oxides films preparation: All electrodes were composed of the active
material (about 80 wt%), acetylene black (14 wt%) and polyvinylidene difluoride (6 wt%).
Powders (about 200 mg total weight) were gently grinded on an agate mortar until obtaining a
homogenous colored powder. This mixture was placed on agate jar and 700 uL of N-methyl-
2-pyrrolidone (NMP) were added. After stirring for 30 minutes, the slurry was tape casted
uniformly at 150 pm onto a copper current collector using a 3540 bird film applicator from
Elcometer. Films were left drying at ambient temperature overnight. Figure 2.8 shows the
appearance of films before and after drying step.

Figure 2.8 (a) As tape casted slurry visual aspect and (b) dried film visual aspect.
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TiO»/C nanocomposites films preparation: Electrodes were composed of the active material
(i.e. either TiO2/C nanocomposites or TiO2 calcinated counterparts), acetylene black (unless
otherwise indicated, Table 2.4) and polyvinylidene difluoride (6 wt%). Nomenclature and
electrode compositions are summarized in Table 2.4. Briefly, powders mixtures (about 200
mg total weight) were gently grinded on an agate mortar until obtaining a homogenous
colored powder. This mixture was placed on agate jar and 700 pL of NMP were added. The
whole was stirred for 30 minutes; then, the slurry was tape casted uniformly at 150 um onto a
copper current collector using a 3540 bird film applicator from Elcometer. Films were left
drying at ambient temperature overnight.

Table 2.4 Theoretical percentage values from electrodes films (TiO2/C nanocomposite series).

. Extrinsic | Intrinsic
Sample (vTvltf’;:) Carbon Carbon (P;V‘ig)F)
(wt%) (wt%)
TiO2-1PE-0CB 94 -—- - 6
TiO2-THF-0CB 94 --- - 6
TiO2-1PE-18CB 76 18 -—- 6
TiO2-THF-18CB 76 18 -—- 6
TiO2/C-IPE-12CB 76 12 6 6
Ti02/C-THF-0CB 76 -—- 18 6
TiO02/C-IPE-0CB 88 --- 6 6

When using TiO; as active material (i.e. calcinated samples) without addition of extrinsic
carbon, the obtained slurry, and the electrode itself, were white (e.g. TiO,-THF-0CB).
However, slurry consistency and adherence over the copper sheet were not lost. An example
of the electrodes obtained for this series are observed in Figure 2.9.

)

Département de Chimie Moléculaire
et Macromoléculaire ’
CMOS

Figure 2.9 Visual aspect of TiO2-THFelectrodes with and without acetylene black.

Once the films were dried; electrodes, with a diameter of 12.7 mm (Figure 2.9), were cut with
a disk cutter and later dried under vacuum at 80 °C overnight. Coin cells were assembled in a
glove box under argon atmosphere (02<0.5 ppm, H>0<0.5 ppm), using lithium metal both as
reference and as counter-electrode (i.e. half-cell configuration). The electrolyte was 1 M
LiPFs in PC:EC:3DMC (1:1:3 vol.) with 5% FEC and 1% VC as additives and it was deposed
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over a Whatman glass fiber filters that served as the separator. Figure 2.10 schematizes all
components that integrate a coin cell in order to give a better insight about the whole
assemblage.

.@ —> Spring

& » —> Stainless steel

<« —> Metal lithium
o ,,_h—> Separator

—> Electrode

Figure 2.10 Scheme of coin cell assemblage.

For samples electrochemical cycled versus sodium, sodium metal was used both as reference
and as counter-electrode. The electrolyte was 1 M NaClO4 in PC with 5% FEC and it was
deposed over a Whatman glass fiber filters that served as the separator.

2.2.5 Devices characteristics
A list of the divers equipments (enumerated by alphabetical order to facilitate locating) used
for the materials characterization is presented below. This list describes the characteristics of
the equipment and the parameters used during measurement.
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Ammonia temperature programmed desorption: Samples were calcinated in air at 350
°C or 500 °C for 7 h. Then, they were saturated in ammonia at 100 °C for 15 minutes,
followed by a purge under nitrogen for 4 h to remove physisorbed ammonia. Samples
were then heated to 550 °C with a heating rate of 10 °C min™', keeping a continuous
nitrogen flow. Amount of desorbed ammonia, during the heating stage, was
determined with a thermal conductivity detector (TCD).

Energy-dispersive X-ray spectroscopy: EDX analysis was performed on a FEI Quanta
FEG 200 scanning electron microscope.

Electrochemical galvanostatic cycling: They were performed at room temperature on
a BTS3000 (5V, 1 mA) instrument from Neware Battery using CR2032-type coin
cells. Electrodes and coin cells were prepared as detailed above. Measurements were
principally done in the voltage range of 2.5-1.2 V vs. Li"/Li at different current
densities (e.g. 16.8, 168, 336 mA g'). The latter densities have been selected as
corresponding to specific capacities of C/20, C/2 and C, respectively (where C=335.6
mA g for pure titanium dioxide TiO>. It is worthy to mention that another capacities
and voltage windows were also used, those parameters will be specified in their
corresponding sections. Experiments at higher current densities (C, 2C and 5C) were
recorded on a BioLogic VSP instrument over the same voltage range (2.5-1.2 V vs.
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Li*/Li). Specific capacities presented hereafter have been calculated from the content
of active material of each electrode composition.

Electrochemical impedance spectroscopy: Impedance measurements in powders were
recorded in air-tight 4-electrode cells with the sample pressed between Au-plated brass
plates in the frequency range 7 MHz to 100 mHz using a Biologic SP-300 impedance
spectrometer. The powders were pressed into pellets with 0.946 cm diameter and then
Au-plated by evaporation in inert atmosphere to reduce contact resistance. EIS studies
in half-cells versus lithium were performed on a BioLogic VSP-300 instrument, from
100 kHz to 10 mHz, with a 10 mV amplitude. Plots were obtained in potentiostatic
mode at different potencials vs. Li'/Li after 2 h relaxation time before and after the
lithiation/delithiation processes.

Fourier transform infrared spectroscopy: Infrared spectra were recorded using a
PerkinElmer FTIR Spectrometer Spectrum Two on ATR mode.

Liquid nuclear magnetic resonance: >C and'H spectra were recorded on a Bruker 300
MHz spectrometer; NMR spectra were calibrated to TMS on the basis of the relative
chemical shift of the solvent as an internal standard.

Nitrogen physisorption: Na-physisorption experiments were carried out at -196 °C on
a Micromeritics TriStar 3000. Samples were out-gassed under vacuum at 110 °C
overnight. Equivalent BET specific surface areas were determined in the relative
pressure range P/Po from 0.08 to 0.25. The total pore volume was measured at
P/Po>0.985.

Raman spectroscopy: Raman spectra were obtained on a Horiba Jobin Yvon LabRAM
ARAMIS microspectrometer. The excitation wavelength used for TiO2-V205 samples
was 473 nm; spectra were recorded in the range of 50 to 1100 cm™ and later
normalized. Otherwise, for TiO»/C samples, a HeNe laser (A=633 nm) was used as
excitation source; spectra were recorded in a wider range also (50 to 2000 cm™) and
then normalized.

Scanning electron microscopy: Micrographs images were obtained with a Hitachi S-
4800 electron microscope and a FEI Quanta FEG 200 scanning electron microscope.
Samples were covered with platinum before analysis.

Solid state nuclear magnetic resonance: *C SSNMR spectra were recorded with a
VARIAN VNMRS 300 at 75.44 MHz. It was used a T3 NMR probe with 3.2 mm
ZrO> rotors. Experiments were performed using cross polarization magic angle
spinning (CP-MAS) with the spun at 15 kHz, a contact time of 1.5 ms and 5 s for
recycle delay. Plastic inset were removed from the rotor and short caps were used
instead to minimize the '*C background.

Thermogravimetric analyses: Experiments were performed on air on a Netzsch
Simultaneous Thermal Analyzer STA 409 PC Luxx with a heating rate of 10 °C min’!
in the 20-1200 °C range and a gas flow of 50 mL-min™.

Transmission electron microscopy: TEM images were acquired with a high voltage
200 kV JEOL JEM ARM 200F transmission electron microscope equipped with a
STEM level and a spherical aberration corrector. The STEM images were taken with
high angle annular dark field (HAADF). EDX analysis used a JEOL CENTURIO
detector and electron energy loss analyses were detected with a GATAN GIF
QUANTUM.

UV/vis spectroscopy: UV/vis absorption spectra were obtained with a JASCO V-760
UV-—visible-NIR spectrophotometer in 10 mm quartz cells (Hellma). Spectra were
recorder over the 900-200 nm range with a bandwidth of 1.0 nm at a rate of 200
nm-min’'.
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o Wettability experiments: Contact angle measurements were carried out on a GBX
Digidrop Goniometer FAST/60 over as prepared electrode films using both water and
the electrolyte (i.e. 1 M LiPF¢ in PC:EC:3DMC vol. with 5% FEC and 1% VC).
Pictures were taken 100 ms after a 2 pLL drop was placed over the films.

e X-ray diffraction: XRD Patterns were obtained using a PANalytical X Pert Pro MPD
diffractometer, with the Ka radiation of Cu (4=1.5418 A) and a step size of 0.033° (20
scale) into the 6-90° interval. Crystallite size of TiO, anatase particles was estimated
using the Scherrer equation using the most intense reflection (=25.3 © 26) associated to
the (101) crystal plane.
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3 TiO:-V205 Mixed Oxides

As mention in chapter 1-Bibliography, the NHSG methods easily lead to hierarchical
mesoporous oxides, including TiO,, and mixed oxides without the addition of expensive
modifiers to match reactivity like their hydrolytic copunterparts. It has also been settled that
titanium dioxide has attracted such more attention as a substitute of graphite as anode material
in Li-ion batteries; notably for high-energy applications. TiO: is classified as an intercalation
anode material, such as graphite, having a theoretical specific capacity of 335.6 mAh-g’!;
however, its poor conductivity and low ion diffusion coefficient are the major issues that need
to be solved to completely fulfill this targeted application.

There are different general approaches to enhance the electrochemical performance of
electrodes materials like nanostructuring and doping. Besides, NHSG chemistry has been
largely used for the synthesis of catalyst but only few reports are found using this synthesis
methodlogy targeting the Li-ion batteries electrode application. That being said, this chapter
focuses on the doping strategy, in particular, the application of different vanadium loading
during the NHSG synthesis of TiO> in order to modify its properties.

In the first part of this chapter, the elaboration of Ti02-V20s mixed oxides using the NHSG
'Pr,O route is reported, as published in reference [1]. The texture, morphology and crystal
phase of materials were determined and analyzed; moreover, their performances for lithium
insertion are presented, for possible application as anode material in Li-ion battery. It has
been emphasized the influence of the vanadium loading over the synthetic materials and
correlated to the different characterizations to elucidate their electrochemical behavior. Then,
discussion follows an analysis of the influence of the heat treatment and vanadium loading
over the TiO; anatase-rutile phase transformation and the analysis is complemented with the
electrochemical evaluation of these materials versus sodium, a new emerging technology that
aims to substitute Li-ion batteries.

Then, the chapter aims the electrochemical analysis of two different TiO> obtained by non-
hydrolytic ether routes (i.e. 'ProO and THF) and heat-treated at two differet temperatures (i.e.
350 °C and 500 °C) in air. Discussion of this section focuses in the electrochemical
performance of these TiO2 samples versus lithium at a constant current rate with a progressive
increase of the voltage windows starting in the 1.2-2.5 V versus Li*/Li range to the 0.1-3.0 V
versus Li'/Li during the same cycling.

The second part of this chapter focus on the alcohol NHSG routes. Synthesis using either
PrOH or ‘BuOH as oxygen donors were explored, as an alternative to the use of ether
reported in the first part, for preparing TiO2. These NHSG alcohol derived TiO> were
structurally, texturally and electrochemically characterized. Then, a special focus on the use
of 'PrOH was taken into account for the elaboration of TiO,-V>0s mixed oxides and their
comparison to the ones obtained by ether route. Discussion of this section focuses on the
textural and morphology characterization of these materials; however, TiO2-V20s mixed
oxides prepared by this route were not further electrochemically characterized.

A global overview of samples prepared and discussed in this chapter is presented in Scheme
3.1
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Scheme 3.1 Global overview of samples prepared in chapter 3: TiO2-V20s mixed oxides.
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3.1 Evaluation of the influence of vanadium over the properties of TiO;
prepared by the NHSH Pr,O route

3.1.1 Published Article: J. Sol-Gel Sci. Technol., 2016, 79, 270-278
Lithium insertion properties of mesoporous nanocrystalline TiO: and TiO2-V20s
microspheres prepared by nonhydrolytic sol-gel

AM. Escamilla-Pérez', N. Louvain'**, M. Kaschowitz’, S. Freunberger’, O. Fontaine!?, B.
Boury', N. Brun!, P.H. Mutin'*

nstitut Charles Gerhardt Montpellier, UMR 5253, Université Montpellier 2, CC 1701, Place
Eugeéne Bataillon, 34095 Montpellier Cedex 5, France

Réseau sur le Stockage Electrochimique de 1’Energie (RS2E), FR CNRS 3459, France.
3Institute for Chemistry and Technology of Materials, Graz University of Technology,
Stremayrgasse 9, 8010 Graz, Austria.

Corresponding authors e-mail:
nicolas.louvain@umontpellier.fr, hubert. mutin@umontpellier. fr

Abstract

Mesoporous nanocrystalline TiO2 and TiO2-V,0s was prepared by non-hydrolytic sol-gel
from TiCls, VOCI3 and 'Pr>O at 110 °C without any solvent or additives. The samples were
characterized by elemental analysis, X-ray diffraction, Raman spectroscopy, scanning
electron microscopy, nitrogen physisorption, and impedance measurements. At low vanadium
loadings, only TiO> anatase was detected, and V205 scherbinaite was also detected at high
vanadium loadings. The texture of the samples depended on the V-loading, but all the samples
appeared built of primary nanoparticles (=10 to 20 nm in size) that aggregate to form
mesoporous micron-sized spheres. The lithium insertion properties of these materials were
evaluated by galvanostatic measurements performed using coin-type cells, in view of their
application as electrode for rechargeable Li-ion batteries. The mesoporous TiO> microspheres
showed good performances, with a specific reversible capacity of 145 mAh-g! and 128
mAh-g! at C/2 and C, respectively (C = 335.6 mA-g™!), good coulombic efficiency, and a
moderate capacity fade (6%) from the 2" to the 20™ cycle at C/20. Although the addition of V
effectively increased the electronic conductivity of the powders, the specific reversible
capacity and cycling performances of the TiO2-V20s samples were only minimally improved
for a 5 at% V loading, and were lower at higher V loading.

Graphical Abstract
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TiOz—VzOs Mixed Oxides

Keywords
Non-hydrolytic sol-gel; Mesoporous xerogel; Titania; Vanadia; Lithium battery
1 Introduction

Over the last 25 years, several alternative non-hydrolytic sol-gel (NHSG) routes have
emerged, aiming at solving the issues met in conventional sol-gel chemistry by a drastic
change of reactions and reaction medium [1-4].

The NHSG route based on the reaction of chloride precursors with ether or alkoxide oxygen
donors in anhydrous medium is now a well-established method for the preparation of
mesoporous silica-based or metal oxide-based materials. Our group and others have
successfully applied this route to the synthesis of mesoporous oxide and mixed oxide
catalysts, as recently reviewed [5].

Other non-hydrolytic routes have recently been used for the synthesis of electrode materials
for Li-ion batteries, notably the benzyl alcohol route. Bilecka et al. [6] prepared
nanocrystalline LiFePO4 and LiMnPO4 cathode materials with excellent cycling stabilities by
a microwave-assisted non-aqueous route in benzyl alcohol. Nanocrystalline LisTisO12 anode
material obtained by the same route showed good lithium intercalation/deintercalation
performances at high rates (up to 30C) and good cycling stabilities [7].

Owing to its high working voltage, good theoretical storage capability, low cost, and safe
operation, TiO: is a promising anode material for lithium ion batteries [8]. Among the most
common phases (rutile, anatase and brookite), anatase exhibits the best lithium insertion
properties [9]. However, slow lithium-ion kinetics as well as intrinsic poor electronic
conductivity of TiO limits its applicability. The size of TiO anatase particles plays a major
part: Lowering the crystallite size increases specific surface area and improves the cyclability
of these materials through better accommodation of the structural changes during the
electrochemical process [9]. For instance, after 5 cycles at a current density of 1 C, 5 nm
nanoparticles exhibited a capacity of ~180-190 mAh-g"' [10, 11] compared to only ~20
mAh-g! for 300 nm particles [10]. Thus, much work aimed at developing nanostructured
TiO, materials with high specific surface area and interconnected mesopores, readily
accessible to electrolyte, which reduces the transport lengths of lithium ions and electrons and
improves the performances of a Li-ion battery [12-19]. In addition, electronic conductivity
can be improved by doping TiO with aliovalent ions, such as vanadium, niobium, sulfur or
nitrogen [8, 20, 21], or by deposition of a conductive metal oxide phase at the surface of the
nanoparticles [10].

In previous works, we reported the NHSG synthesis of TiO2-V20s catalysts with a
hierarchical structure, consisting of 10-25 nm nanoparticles that were aggregated to form
mesoporous spherical micron sized particles. Calcination led to the migration of vanadium
oxide species toward the anatase particle surface [22, 23].

In the present work, we wish to report the electrochemical properties of hierarchical
mesoporous TiO; and TiO2-V,0s samples (5 to 20 at% V) prepared by the ether route in the
absence of solvent or additives. The powders were characterized by elemental analysis, X-ray
diffraction (XRD), Raman spectroscopy, scanning electron microscopy (SEM), nitrogen
physisorption, and impedance measurements. The potential of the samples as Li-insertion
materials was evaluated by galvanostatic cycling using coin-type cells. The TiO> sample
showed promising performances, with a specific reversible capacity of 145 and 128 mAh-g!
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at C/2 and C (C = 335.6 mA-g"), respectively, and a moderate capacity fade (= 6%) from the
2™ to the 20™ cycle at C/20. Although the addition of V effectively increased the electronic
conductivity of all of the samples, the specific reversible capacity and cycling performances
were only slightly improved for a 5 at% V loading, and were lower at higher V loadings.

2 Materials and methods
2.1 Synthesis

Powders of TiO2 and TiO2-V,0s (with V content of 5, 10, 15 and 20 at%) were synthesized
by the NHSG ether route (Table 1). The TiO2-V20s samples were labeled TiVx were x is the
nominal vanadium atomic percentage. The samples were prepared under argon atmosphere in
a glovebox using stainless steel digestion vessels (23 mL) with PTFE lining. Titanium
chloride (TiCls, Sigma-Aldrich 99%) and vanadium oxychloride (VOCI;, Sigma-Aldrich 99
%) were used as precursors; diisopropyl ether (‘Pr.O, TCI chemicals 99.9 %), dried by
distillation over sodium, was used as oxygen donor. In a typical experiment (T1V5), TiCly
(11.81 mmol, 2.240 mg) and VOCI;3 (0.62 mmol, 0.108 mg) were introduced into the
digestion vessel; then, a stoichiometric amount of 'Pr2O (24.55 mmol, 2.508 mg) was added
(i.e., 1 'Pr20 for 2 M-Cl bonds). No solvent was used. The sealed digestion vessel was heated
at 110 °C in an oven for 4 days under autogenous pressure. After cooling the resulting solid
brown gel was washed 3 times with dichloromethane (CH2Cl,, Carlo Erba 99.8 %), dried
under vacuum at 120 °C for 5 hours, then calcined in air at 500 °C for 5 hours (heating rate 10
°C-min"), leading to a light-brown powder.

Table 1 Reactants used in the synthesis of TiO2 and TiO2-V20s samples and experimental V content (derived from
EDX analysis).

Sample | TiCls (2) | VOCIs (g) | 'Pr20 (g) | V content (at%)
TiO2 2.374 0.000 2.558 0
TiV5s 2.240 0.108 2.508 7.7
TivV10 2.108 0.214 2.460 8.4
TivV15 1.977 0.319 2.412 12.0
Tiv20 1.848 0.422 2.365 17.0

2.2 Characterization

XRD patterns were obtained using a PANalytical X’Pert Pro MPD diffractometer, with the
Ka radiation of Cu (1=1.5418 A) and a step size of 0.033° (26 scale) into the 6-90° interval.
Crystallite size was estimated using the Scherrer equation. N> physisorption experiments were
carried out at -196 °C on a Micromeritics TriStar 3000. Samples were out-gassed under
vacuum at 120 °C overnight. Equivalent BET-specific surface areas were determined in the
relative pressure range P/Pp from 0.08 to 0.25. The total pore volume was measured at
P/Pp>0.985. Scanning electron microscopy images were acquired with a Hitachi S-4800
electron microscope. Raman spectra were obtained on a Horiba Jobin-Yvon LabRAM
ARAMIS microspectrometer. The excitation wavelength was 473 nm. Spectra were recorded
in the range of 50 to 1100 cm™ and then normalized. EDX analysis was performed on a FEI
Quanta FEG 200 scanning electron microscope. Impedance measurements were recorded in
air-tight 4-electrode cells with the sample pressed between Au-plated brass plates in the
frequency range 7 MHz to 100 mHz using a Biologic SP-300 impedance spectrometer; the
powders were pressed into pellets with 0.946 cm diameter and then Au-plated by evaporation
in inert atmosphere to reduce contact resistance.
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2.3 Electrochemical characterization

Galvanostatic electrochemical characterizations were performed at room temperature on a
BTS3000 (5 V 1 mA) instrument from Neware Battery using CR2032-type coin cells.
Electrochemical impedance spectroscopy (EIS) studies were done on a BioLogic VSP
instrument, from 100 kHz to 10 mHz, with a 10 mV amplitude in potentiostatic mode. All
electrodes were composed of the active material (about 80 wt%), acetylene black (14 wt%)
and polyvinylidene difluoride (6 wt%). After stirring in N-methyl-2-pyrrolidone, the slurry
was tape casted uniformly at 150 pm onto a copper current collector using a 3540 bird film
applicator from Elcometer. Electrodes (diameter 12.7 mm) were cut with a disk cutter then
dried under vacuum at 80 °C for 12 hours. Coin cells were assembled in a glove box under Ar
atmosphere (02 < 0.5 ppm, H2O < 0.5 ppm), using lithium metal both as reference and as
counter electrode. The electrolyte was 1 M LiPFs in propylene carbonate, ethylene carbonate,
and dimethyl carbonate (PC:EC:3DMC, 1:1:3 vol.) with 5% fluoroethylene carbonate and 1%
vinyl carbonate. Whatman glass fiber filters were used as the separator. The electrochemical
galvanostatic measurements were taken in the voltage range of 2.5-1.2 V versus Li'/Li at
different current densities: 16.8, 33.6, 67.2, 168, 336 mA-g!. The latter densities have been
selected as they correspond to specific capacities of C/20, C/10, C/5, C/2, and C, respectively
(where C = 335.6 mA-g!), for pure titanium dioxide TiO. The specific capacities presented
hereafter have been calculated from the content of active material (80 wt%).

3 Results and discussions
3.1 Synthesis and characterization of the mixed oxide

Ti0; and TiO2-V20s nanocrystalline powders with a nominal vanadium loading of 5, 10, 15,
and 20 at% (Table 1) were prepared by the non-hydrolytic ether route, as shown in Scheme 1.

, 110 °C, 4 d
TiCly + X VOCI3+(4+3x)/2 Pr,0 — 3=

TiO, + x/2 V,05 + (4+3x) 'PrCl
Scheme 1 ideal reaction scheme for the synthesis of TiO2-V20s samples.

It is noteworthy that the synthesis was performed in the absence of solvent, surfactant, or any
other additive. Elemental analysis performed by EDX indicated that the V content of the
powders was close to the expected one (Table 1).

The X-ray diffraction (XRD) patterns of all the different samples (Fig. 1) indicate the
formation of anatase phase TiO> (JCPDS 00-21-1272). No significant shift of XRD peaks was
observed, confirming that the solubility of V in TiO2 is low. In previous work, we reported
that even for a V content of =3 at%, most of the vanadium species were located close to the
surface of the anatase grains after the calcination step [23]. No reflection arising from rutile
was found. Crystalline V20Os (scherbinaite, JCPDS 00-041-1426) was detected for the samples
with the highest V loadings. The approximate amount of crystalline V205 estimated from the
XRD pattern was 11 wt% (=10 at%) for TiV15 and 17 wt% (=15 at%) for TiV20, suggesting
that in these samples only about 5 at% of vanadium was accommodated in the bulk (doping)
and at the surface of the anatase crystallites.

Raman spectroscopy (Fig. S1 in supplementary material) confirmed these findings. The only
TiO: crystalline phase detected is anatase, as shown by the intense band at 144 ¢cm™ and
weaker bands at 638, 515, and 395 cm™ [24]. The weaker bands are slightly shifted probably
due to the incorporation of V atoms into the anatase crystallites. Bands arising from V05
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(994, 285, and 405 cm™") and not overlapping with anatase bands are detected in the spectra of
TiV15 and TiV20 [25].

LI L L LI S B B BN BN L N LA R BN R B

oTiO, Anatase (00-021-1272)
. VZO5 Scherbinaite (00-041-1426)

Intensity (Arbitrary Units)

Angle (26)

Fig. 1 Powder X-ray diffraction patterns of the TiO: and TiO2-V20s samples.

The anatase crystallite size was determined using the Scherrer equation (Table 2). It can be
noticed that the addition of vanadium above 5 at% leads to larger anatase crystallites.

Table 2 Crystallite size and textural data for the TiO2 and TiO2-V20s samples.

Sample | Crystallite size* (nm) | Spet® (m?/g) | Vp© (cm*/g) | Dp? (nm)
TiO:2 13 68 0.17 5.7
TiV5 12 64 0.15 6.5

TivV10 17 58 0.16 7.9

TiV15 25 27 0.13 16.2

TivV20 25 15 0.09 20.2

2 Derived from XRD data using Scherrer equation; © specific surface area; © total pore volume; ¢ BJH average pore diameter
calculated from the desorption branch Dp.

Typical SEM micrographs of the NHSG samples are given in Fig. 2. In all cases, the sample
showed an interesting hierarchical texture, resulting from the aggregation of primary
nanoparticles around 15-20 nm in size (in good agreement with XRD results), to form
spherical micron-sized particles, themselves aggregated. Interestingly, the secondary particles
are significantly smaller in the TiO> sample (0.6-1.2 pm) than in the TiVx samples (3-6 um).
At high vanadium loading (TiV15 and TiV20), scherbinaite crystals with a plank-like
morphology are found interspersed with the anatase nanocrystals.

The nitrogen adsorption-desorption isotherms of the different samples are presented in Fig. 3,
and the characteristic textural data are reported in Table 2. All isotherms are of type IV
according to the ITUPAC classification, typical of mesoporous solids. The BJH pore size
distribution shows the presence of well-defined mesopores in the 3 to 10 nm range for TiO>
and TiV5, and of larger mesopores (10-40 nm) for the TiV15 and TiV20 samples. A bimodal
distribution is clearly observed for TiV10, which shows both types of pores. The specific
surface area decreases with the V loading, ranging from 68 m?-g! for TiO to 15 m?-g’! for
TiV20 (Table 2). This decrease can be accounted for by the increase of the anatase crystallite
size found by XRD and by the large size of V»Os crystallites. Interestingly, the presence of
the broad pores is correlated with the formation of crystalline V20Os. A possible explanation
would be that V,0Os crystallites prevent a close contact between the anatase nanocrystals.
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Fig. 2 SEM images of TiO:2 (a-c), TiV5 (d-f), and TiV20 (g-i) at different magnifications.

Conductivity spectra of the samples pressed in pellets are given in Fig. 4. ¢’(v) is shown as a
function of frequency v with ¢’ being the real part of the complex conductivity 6. These
spectra lump together the mobility of all mobile charges. At high frequencies, a dispersive
regime is seen, which is associated with short range motion. At the low frequency end,
electrode polarization is seen. Over a wide frequency domain, the samples reveal distinct
plateaus referring to the dc conductivity o4c. The addition of V results in significant increase
of conductivity versus the pure TiO, sample by a factor of around 6-11. However, there is no
correlation between the V content and the conductivity, the differences observed between the
TiVx samples may be attributed to variations in sample compressibility during the uniaxial
sample compression. The complex plane plots of the complex impedance Z (insert in Fig. 4)
show depressed semicircles with their origin lying in the positive imaginary part. This is
indicative of charge transport resistance being composed of bulk and grain boundary
contributions as expected for these pressed powder samples [26].

The interpretation of this behavior is not simple, as the addition of vanadium influences the
morphology and texture of the samples, and as the vanadium is distributed between the bulk
of the anatase nanocrytals (doping), amorphous vanadate surface species and V2Os crystallites
for the high V loadings. The similar conductivity observed for all the TiVx samples suggests
that only the V doping (<2 at%) increases significantly the electronic conductivity, as
expected [20], and that the remaining vanadium in surface vanadates and in scherbinaite
crystal play only a minor part.
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3.2 Electrochemical Performance

The galvanostatic charge-discharge voltage profiles of the different samples for the first cycle
are shown in Fig. 5. Firstly, all materials display clear characteristics of the anatase phase of
titanium dioxide cycled versus lithium [27]. Both discharge and charge curves show a
constant voltage plateau, typical of the two-phase region where anatase and lithium titanate
phases coexist during the lithium insertion. As a reminder, lithium insertion into TiO2 shows
three major storage mechanisms: (1) a rapid potential drop to ca. 1.7 V versus Li'/Li
characteristic of the formation of a solid-solution LicTiO2, where ¢ depends on particle size
[28]; (2) a two-phase reaction between the tetragonal LicTiO> and the orthorhombic lithium
titanate Lio s+ sT102 inducing a constant-voltage plateau around 1.7 V followed by (3) another
two-phase reaction up to 1 V toward rock-salt-type tetragonal LiTiO> [29]. The irreversibility
of the latter mechanism is usually overcome through nanostructuration of the electrode
material, which induces a monophasic reversible pseudo-capacitive interfacial storage [27].

The influence of addition of vanadium oxide can be identified on the first part of the
discharge curve, from the open-circuit voltage to approximately 1.8 V versus Li'/Li. Around
2.0 V and 2.3 V versus Li"/Li, shoulders accounting for 50-100 mAh-g! (from TiV5 to
Ti1V20, respectively), indicate the electrochemical activity of a redox couple; these features
are in good agreement with the electrochemical behavior of vanadium oxide versus lithium
[30]. They are observed only on the first discharge curve and may correspond to the formation
of lithiated vanadium oxide particles in the electrode. The absence of these features in the first
charge curve indicates that the lithium insertion into vanadates is not reversible within the
voltage range used in the present study (2.5-1.2 V vs Li"/Li). The presence of vanadium also
influences the average voltage of the plateau during the first reduction. From ~1.73 V versus
Li’/Li for TiOa, the voltage is increased by ~0.04 V versus Li*/Li for TiV5 and TiV10, and by
~0.1 V versus Li"/Li for TiV15 and TiV20 (Fig. 5a), while the charge voltage is identical for
all materials, thus leading to an improved polarization when the vanadium content increases.
As a consequence, the specific capacity of the biphasic plateau associated with the formation
of LiosTiO2 is enhanced for TiV5 compared with TiO,. It is close to the theoretical value
(167.5 mAh-g™) for TiV5 (170 mAh-g™), while lower for TiO> (150 mAh-g"). The plateau
length is lower than 150 mAh-g' for TiV10, TiV15, and TiV20, thus indicating that a
vanadium content of 5 at% is the best one among the samples prepared. Finally, the last part
of the discharge curves, between ca. 1.7 and 1.2 V versus Li'/Li, requires a short discussion,
as the shape of the curve may evidence the difference of texture, morphology, and surface
area between all the samples, from TiO; to TiV20. As stated above, monophasic reversible
pseudo-capacitive interfacial storage preferentially occurs below 1.7 V versus Li/Li for
nanostructured anatase TiO> (vide infra), while LiTiO; irreversibly forms for larger particles.
TiOz and TiV5 display well-defined mesopores and BET surface areas close to 65 m*-g’!, thus
showing significant interfacial lithium storage with associated specific capacities of nearly
100 mAh-g!. The other materials, TiV10, TiV15, and TiV20, exhibit curve shapes in
accordance with larger particle size and smaller surface areas. As a conclusion, the presence
of 5 at% of vanadium significantly increases the first discharge specific capacity for TiO-,
from 326 to 375 mAh-g’. Such an improvement may originate from the moderate textural
modification combined with the significant increase in electronic conductivity brought about
by the addition of a low vanadium content. This is further confirmed by impedance
measurements at the inception of lithiation (Fig. S2 in supplementary material), where TiV5
exhibits an improved global conductivity (Table S1). TiVx materials display lower interfacial
and charge transfer resistances, the global resistance increasing with the vanadium content
(Table S1).
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Fig. 5 (a) Initial (first cycle) charge/discharge profiles at a current rate of 16.8 mA-g™! (C/20) of TiO:2 and Ti02-V20s
electrodes versus Li; (b) cycling performances at different C rates (C = 335.6 mA-g™) for a voltage window of 1.2-2.6 V
versus Li*/Li (filled and open symbols refer to reduction (discharge) and oxidation (charge), respectively).

The cyclability study of all materials is presented in Fig. 5b. It is important to keep in mind
that the capacities provided have not been corrected from their vanadium oxide content, as the
electrode material is a composite. All samples display moderate capacity retention upon
cycling at gradually increasing current rates. TiO> and TiV5 display reversible capacities of
approximately 185 mAh-g! at 16.8 mA-g’!, and these values decrease to 125 and 115 mAh-g’
T'at 336 mA-g! for TiO and TiV5, respectively. When the electrodes are cycled back to 16.8
mA-g’!, the initial value of 185 mAh-g! is recovered for TiV5, while the reversible capacity
for TiO remains lower. The improvements in terms of electronic conductivity brought by the
addition of a small amount of vanadium are not transposed to the galvanostatic results. At
higher V loading, the specific capacity is lower, suggesting that the scherbinaite crystals do
not contribute to the lithium insertion under this conditions and that the vanadate surface
species do not improve significantly the ionic diffusion at the solide-electrolyte interface.

Interestingly, comparison to the literature shows that the undoped TiO> prepared by NHSG is
a promising material, considering the simplicity and low cost of the synthesis. As shown in
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Fig. 5b, our mesoporous hierarchical TiO> showed a specific reversible capacity of 145 and
128 mAh-g! after 5 cycles at a current density of C/2 and C, respectively (C = 336 mA-g!),
with good coulombic efficiency (99.3 % after 5 cycles at C). In addition, the capacity fade
was moderate, from 200 to 187 mAh-g™! for the 2" and 20™ cycle (at C/20), respectively. As
detailed in Table 3, these values are comparable to those reported for various nanostructured
anatase TiO2 (mesoporous microspheres, hollow spheres, nanosheets, nanorods, or
nanospindles), but significantly lower than the values reported for TiO2 nanotubes.

It must be noted that comparison for such high surface area materials is difficult, as the
cycling "history" can have a major influence on the capacity measured, due to the large
contribution of pseudo-capacitive interfacial storage (in addition to bulk insertion). Thus,
cycling directly at high rates emphasizes interfacial storage [27], leading to significantly
higher capacity. For instance, the specific capacity of high surface area hierarchical
nanoporous TiO> anatase measured after 10 cycles at a rate of 1 C but after 20 cycles at C/5
reached ~180 mAh-g™!, compared to ~320 mAh-g! when cycled 30 times directly at 1C [27].

Table 3 Performances of selected nanostructured anatase TiO: materials as anode in lithium batteries.

Type of material | Synthetic method (llslf _l:;_l) (fnaxﬁc;% Conditions Ref.
Mesoporous Template-free » th
microspheres hydrolytic sol-gel Y #llas o gEleeteC ) B
Mesonorous Ti02-CdSO4
micros hell‘les composite 130 ~165 5Meycleat C | [10]
P intermediate
Microspheres th
. ~185 5% cycle at 0.5C
lvoth 1 1 2
n;)nl:)l;;zi s ST B ~145 5t cycle at 2.5C [32]
Hard-templated 20" cycle at
Hollow spheres sol—gel process / ~160 0.18C [33]
Spindle-shaped Non-aqueous 114 ~160 5t cycle at 0.5C [34]
mesocrystals solvothermal ~140 5t cycle at C
Hydrothermal
Nanospindles process from / ~145 51 cycle at C [35]
tubular titanates
Reaction in 5t oucle at
Nanorods NaOH/KOH ofa | 99 ~180 0 §6 c [36]
Ti02 nanopowder '
th
Nanotubes Hydrothermal / 220 5% cycle at (37]
process 0.11C
Vertically aligned . .
amorphous AnOdlzfi?lZ n of T / ~250 10" cycle at C/3 | [38]
nanotubes

4 Conclusions

In summary, mesoporous TiO; anatase with a hierarchical structure, consisting of 10-25 nm
nanoparticles that aggregate to form spherical submicronic particles, was obtained by a
straightforward non-hydrolytic sol-gel route (ether route) in the absence of additives or
solvent. These mesoporous TiO> microspheres showed fairly good electrochemical
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performances. TiO>-V,0s samples were prepared with the aim of improving these
performances. Although the electrical conductivity of the TiO2-V20s samples was
significantly increased compared to TiO», the reversible capacity beyond the first cycle was
not improved. Increasing the V loading above ca. 5 at% simply resulted in the growth of V205
crystals, decreasing the specific surface area of the electrode material and its specific capacity.

Several directions should be explored to further improve the electrochemical performances of
non-hydrolytic TiO2, such as decreasing the nanoparticles size by playing on the synthesis
and/or calcination temperatures (to increase Li-ion insertion), doping with other elements, or
coating with carbon (to improve electron and ion transfer).
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Fig. S1 Raman spectra of the TiO2 and TiO2-V20s samples.
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Fig. S2 Complex impedance plots of TiOz, TiV5, TiV10, TiV15, and TiV20 electrodes in half-cells versus lithium. Plots
were obtained in potentiostatic mode at 1.8 V vs Li*/Li after 2 h relaxation time before the lithiation. The equivalent
circuit used for the analysis of the complex impedance plots is shown on the top right hand corner.

Table S1. Fitted resistance values from impedance plots of TiO2, TiV5, TiV10, TiV15, and TiV20 electrodes in half-
cell versus lithium.

Resistances (QQ) | TiO2 TiVS | TiV10 | TiV15 | TiV20

R1 6.32 6.28 | 12.23 | 7.003 | 7.982
R2 52.17 043 | 4.193 | 28.75 | 41.43
R3 42.7 19.14 | 29.87 | 1594 | 27.34

Total R 101.188 | 25.845 | 46.293 | 51.693 | 76.752

3.1.2 Complementary characterizations of the samples from the published
article: J. Sol-Gel Sci. Technol., 2016, 79, 270-278

3.1.21 Thermogravimetric analysis of TiO2-V20S xerogels

It was interesting to follow the evolution of the TiO»-V,0s system by thermogravimetric
analysis in order to see if the VOCI3, used as vanadium precursor, have an influence over the
reaction. Therefore, TGA of TiO2-V20s mixed oxides xerogels was performed and are
presented in Figure 3.1. Considering the melting point of V05 (690 °C), analyses were
recorded until 650 °C in order to avoid its fusion. One may observe that the increase in the
amount of vanadium promotes a larger weight loss in mixed oxides by comparison to the pure
TiO, sample. To understand this behavior, one must first keep in mind that VOCl;, used as
vanadium source during synthesis, is a Lewis acid that may catalyse side reactions.

Arnal et al [28] studied the NHSG etherolysis/condensation system of TiCls-Pr2O and also
the direct condensation between TiCls and Ti(O'Pr)s. That work showed the presence of two
alkoxidation steps, having a faster rate than the first one due to dilution of chloroisopropoxide
species by the 'PrCl formed. They evidenced the autocatalytic character of the condensation
because of the formation of oxochloroisopropoxides intermediates. Authors also confirmed
that the true molecular precursors of this NHSG process are in fact a mixture of titanium
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chloroisopropoxides in equilibrium. Besides, Acosta et al [39] prepared alumina gels in a
similar way (i.e. NHSG reaction between aluminium alkoxides and aluminium halides) and
discussed the complexity of the reaction suggesting the alkene elimination as a side reaction.

That said, here, VOCIl; is added into the system thus giving a mixture of titanium and
vanadium chloroisopropoxides precursors more complex, than the one exposed by Arnal ef al
[28]. Keeping in mind that VOCI3 is commonly used as a catalyst in industry for the ethylene-
propylene copolymerization [231-233] and that the alkene elimination mechanism is present
[39], a possible hypothesis of the effect of VOCI3 is the polymerization of any alkene
resulting from some dehydrochlorination of the by-products of the NHSG reaction. It is also
observed that the weight loss becomes constant after 500 °C showing that all organic
compounds are eliminated, guaranteeing that the final product only correspond to the mixed
oxides. The organic compound percentage increases from ca. 10% for TiO2 and TiV5 to 13%
for TiV20.
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Figure 3.1 Thermogravimetrical analysis of xerogels of TiOz and TiO2-V20s mixed oxides.

3.1.2.2 Wettability analysis of electrodes by contact angle measurements

An important feature to consider during the electrode preparation is that electrodes need a
good wettability towards the electrolyte for a well electrochemical performance. Keeping in
mind that the specific surface area of TiO2-V20s mixed oxides decreases with the vanadium
loading, it may also modify the wettability of the electrodes due to capillarity effects.
Therefore, contact angle measurements were performed using both water and the electrolyte
(i.,e. 1 M LiPF¢ in PC:EC:3DMC vol. with 5% FEC and 1% VC), results are given in Figure
3.2. Tests were performed over glass and copper sheet (i.e. the same used as current collector
for the electrodes) for comparison. All electrodes formulations exhibit good wettability
towards the electrolyte, contact angle measured was around 10° for all electrodes; there are
not significant differences among the different vanadium loadings. Regarding the references,
glass and copper sheet exhibit average contact angles of 42° and 52° respectively towards the
electrolyte.

On the other hand, contact angles measured after the deposition of the water droplet were
always higher, even for the references. Here, vanadium loading seems to have an impact
towards the contact angle. All TiO>-V,0s mixed oxides posses average contact angles above
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100°; while pure TiO> electrode films present a similar behavior than the copper sheet of ca.
89°. The best wettability towards water corresponds to glass (74°). Considering that all
electrode films were prepared by the same way (i.e. active material: acetylene black: PVDF;
80:14:6 wt% in NMP), the different behavior may be linked to the surface area of samples.
Ti0, sample exhibit higher specific surface area and pore volume than the TiO2-V20s5 mixed
oxides. Thus, water may be easily adsorbed by capillarity in theTiO: electrode film.
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Figure 3.2 Contact angle measured after deposition of a water drop (bleu section) or an electrolyte drop (white
section) over glass, copper sheet (current collector) and electrode films; two images corresponding to the droplet
deposition (water up and electrolyte down) over TiV10 electrode film are presented on the right side.

3.1.2.3 PEIS evaluation of mechanically prepared TiO2-V205 mixed oxides

and galvanostatic cycling of a commercial TiO2
For comparison, mechanically prepared TiO2-V20s5 mixed oxides were formulated by adding
the corresponding amount of TiO, and V»0s, each prepared by the NHSG 'Pr,O route.
Corresponding electrodes films were prepared and coin cells assembled using these
mechanically oxides as active materials. Experiences were carried out under the same
conditions used for the NHSG TiO>-V,0s mixed oxides (measures at 1.8 V versus Li'/Li after
2 h relaxation time before lithiation).

Complex impedance plots are presented in Figure 3.3 and values corresponding to the fitting
plot are shown in Table 3.1. Those mechanically prepared mixed oxides display global
resistance similar, even higher, to TiO2 electrode (ca. 101 Q) showing no improvement at all
compared to the mixed oxides prepared by NHSG. These values also suggest a certain doping
degree of vanadates species into the TiO2 framework, enhancing conductivity as described by
Reddy et al [143], effect that is not observed for materials obtained by simple mechanically
mixing of the two oxides. It also reinforces the fact that the TiV5 exhibits the best
electrochemical performances among the four TiVx formulations.
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Table 3.1 Fitted resistance values from impedance plots of TiO2-V20s mechanically mixed electrodes in half-cell
versus lithium.

Resistances () | TiVS5 | TiV10 | TiV15 | TiV20

R1 11.3 | 7.98 | 10.29 | 15.69
R2 895 | 18.83 | 57.46 | 897
R3 76.89 | 89.64 | 74.29 | 100.9

Total R 97.14 [ 116.45 | 142.04 | 125.56
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Figure 3.3 Complex impedance plots of TiO2-V20s mechanically mixed electrodes in half-cells versus lithium. Plots
were obtained in potentiostatic mode at 1.8 V vs Li*/Li after 2 h relaxation time before the lithiation. The equivalent
circuit used for the analysis of the complex impedance plots is shown on the top right hand corner.

In the published article (section 3.1.1), discussion is focused essentially on the comparison
between different nanostructured TiO». It has been showed the difficulties for a direct
comparison between samples due to the cycling “history” and the different current densities
used in literature. Thus, a direct comparison of the electrochemical stability between a
commercial TiO> anatase (i.e. Sigma Aldrich) and the nanostructured NHSG TiO; is
presented in this section. Both samples were galvanostatic cycled under the same conditions
(i.e. current rates going from 16.8 to 336 mA-g' between 1.2-2.5 V versus Li*/Li). This
commercial TiO2 sample have a comparable particle size (<25 nm) to the NHSG mixed
oxides and a slighty smaller specific surface area (55 m?-g!) than the pure NHSG TiO:
anatase.

The cycling performance of both TiO: samples is presented in Figure 3.4. It is clearly
observed that, even if for the few first cycles TiO> from Sigma Aldrich displays higher
capacities, the NHSG TiO> posses a better stability all along the cycling at different current
rates. In addition, at a constant rate of 336 mA-g' (corresponding to 1C), capacity is
practically lost for the commercial sample. This comparison brings out the fact that not all
nanosized TiO» particles are optimized for Li-ion battery applications.

These results evidenced that the nanostructured TiO> and TiO2-V20s mixed oxides and the
close interaction of the former, bring appropriated conditions for lithiation/delithiation
processes.
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Figure 3.4 NHSG and commercial TiO: cycling performances at different C rates (C=335.6 mA-g') for a voltage
window of 1.2-2.6 V versus Li*/Li (filled and open symbols refer to reduction (discharge) and oxidation (charge),
respectively).

3.1.3 Optimization of synthesis conditions and influence of the heat
treatment temperature over the anatase-rutile TiO: phase transformation

3.1.3.1 Influence of the synthesis time over the preparation of TiO2

Preliminary works synthesizing TiO2 using NHSG chemistry were performed in order to
determine the best conditions for the elaboration of the TiO»-V20s mixed oxides. TiO> was
prepared by the NHSG Pr,O route and samples were kept for different periods of time (1 to 8
days) under autogenous pressure. Xerogels and 500 °C heat-treated TiO> samples were then
analyzed. Starting with the X-ray diffraction, patterns were obtained for both xerogels and
calcinated TiO; samples (Figure 3.5). One can distinguish the formation of anatse crystal
phase of TiO; in all samples; it is interesting to see well defined reflection corresponding to
the formation of anatase TiO; after only 1 day of reaction. Calcinated samples exhibit, as
expected, most well defined reflections after the heat treatment.

Crystallite size was determined using the Scherrer equation and values are presented in Table
3.2. Crystallite size of xerogels do not vary a lot when increasing the time of reaction, all of
them exhibit sizes of =<6 nm. These results suggest that TiO> crystals in the xerogel can be
consider as nuclei for further growth of TiO: particles during the calcination step. Therefore,
the calcination will have a major impact over the crystals growth, this point in particular is
discussed in section 3.1.3.2. Regarding the crystallite size for calcinated samples, they vary
between 13-15 nm and this slight difference can be considered as not significant.
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Figure 3.5 Powder X-ray diffraction patterns of TiO:z xerogels (a) and calcinated TiOz (b) for different reaction times.

Table 3.2 Organic content present in xerogels, cystallite size of both xerogels and calcinated TiOz and textural data of
TiO: from different synthesis periods.

Xerogel Calcination at 500 °C
Sample | Crystallite | Organic® | Crystallite Sget Vp? .
size® (nm) (%) size® (nm) [ (m*g?h) (cm® g D)
1 day 6 15.0 15 63 0.14 6.4
2 days 6 11.3 14 65 0.15 6.6
4 days 6 10.8 13 68 0.17 5.7
8 days 6 9.8 13 56 0.10 4.9

aderived from XRD data using Scherrer equation, °derived from TGA analysis between the 200-900 °C range, °specific
surface area, dtotal pore volume, °BJH average pore diameter calculated from desorption branch.

Xerogels were analyzed by TGA in Figure 3.6 and weight loss percentage corresponding to
organic compounds are summarized in Table 3.2. The former was determined in the 200-900
°C range and it decreases with increasing the time of reaction. As mentioned before, NHSG
reaction between ProO and TiCls gives different oxochloroisopropoxides intermediates which
are, in fact, the precursors for TiO». Therefore, the following of the weight loss evolution by
TGA of this binary system brings some insights about the kinetics of the reaction.

It has been settled by Arnal ef al [28] that this system exhibits two alkoxydation steps, the
first one ending at around 3h after reaction begins and the second one is a hundred of times
slower. Besides, condensation was not detected at 28 h at room temperature. Thus,
considering that oxochloroisopropoxides intermediates are formed at earlier steps of the
reaction and that condensation step starts much later, the main lost observed in the TGA
graphs (Figure 3.6) may be associated to the elimination of the first ones. Therefore, weight
loss will decreases along with the time as these reaction intermediates will be consumed for
the formation of TiO. Results are consistent with this observation, giving weigth loss from

15.0 to 9.8 %, corresponding to day 1 and day 8 respectively with a yield of almost 90 % at
the end of the 4™ day.
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Figure 3.6 Thermogravimetrical analysis of TiO2 xerogels for different reaction times.

Figure 3.7 SEM micrographs at different magnifications of NHSG Pr,0 derived TiO: after 1 day (a-c) and 8 days (d-
f) of synthesis.

Scanning electron micrographs of TiO2 corresponding to day 1 and day 8 are displayed in
Figure 3.7. After 1 day, TiO; already exhibit the hierarchical texture described before for the
mixed oxides after 4 days of reaction (Fig. 2 in section 3.1.1). It corresponds to aggregated
primary nanoparticles forming spherical clusters. This morphology is slighty modified at day
8, the spherical shape of aggregates observed until day 4 (Fig. 2 in section 3.1.1) becomes less
spherical (Figure 3.7). One can see that the surface of clusters starts to flatten. Unfortunately,
microscope resolution does not allow to determine the size of the primary particles in order to
verify the crystallite sizes determined by DRX.
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Figure 3.8 (a) Molecular nitrogen physisorption isotherms and (b) BJH pore size distribution (desorption branch) of
TiO: prepared at different reaction times. Filled and open symbols refer to adsorption and desorption, respectively.

Porosimetry data of samples at different time of reaction are presented in Figure 3.8. They all
exhibit type IV isotherms according to the IUPAC classification, corresponding to
mesoporous materials. Pore size distributions confirm the presence of well defined mesopores
with diameters around 7 nm, except for the 8 days sample in which pore size distribution goes
towards smaller values. Textural data in Table 3.2 evidence a slight increment in the specific
surface area from day 1 to day 4, then it decreases as observed for the day 8 TiO», going from
68 m*g! to 56 m*-g’!. This evolution in the specific surface area can be correlated to the
changement in the morphology of the aggregates between days 4 and 8, as presented by SEM
images (Figure 3.7), given that edges of this sample start to be flattened instead of rounded as
observed until day 4 (Fig. 2 in section 3.1.1).

In summary, 4 days of reaction seems to be the best choice for the preparation of the mixed
oxides. The time of reaction does not have any effect for the crystallite growth; however,
morphology and surface area evidence some sensitivity to the reaction time. Four days
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synthesis leads to the higher specific surface area with good mesoporosity. Additionally,
weight loss does not drastically change during the period between 2 and 8 days and the
morphology of micronsize aggregated spheres formed by primary nanoparticles is conserved.

3.1.3.2 Influence of calcination temperature over crystallinity and texture

of TiO2 and TiO2-V205 mixed oxides
Once synthesis conditions were choosen, the heat treatment temperature needed to be
determined. Therefore, TiO,-V20s mixed oxides were synthesized by the NHSG ‘Pr>O route
and the evolution of their properties against calcination temperature was studied. Xerogels of
TiO2 and Ti02-V20s were calcinated at different temperatures from 350 °C to 650 °C.
Temperature was not further increased because of TiO; anatase to rutile transformation and
the V205 melting point.

The verification of the crystal phase was determined at first by XRD analysis. Diffractograms
of representative samples (TiO2, TiV10 and TiV20), presented in Figure 3.9, show the TiO»
anatase crystal phase (JCPDS 00-021-1272). Moreover, for the TiO2-V20s mixed oxides at
600 °C, one can distinguish some traces of V,0s scherbinaite (JCPDS 00-041-1426) even in
samples which does not present it at 500 °C (e.g. TiV10). Then, at 650 °C all TiO2-V20s
mixed oxides present the characteristic reflections of the TiO, rutile crystal phase (JCPDS 00-
021-1276). The formation of TiO: rutile is a clear evidence of a certain amount of vanadium
doping. Indeed, it has been reported that vanadium doping promotes the anatase to rutile
transformation at lower temperatures. The vanadium valence creates oxygen vacancies into
the TiO> crystal structure which serve as nucleation centers and, polymorphe transition
becomes easier [167, 180, 234].

Values of crystallite sizes for TiO»2-V20s (Table 3.3) are between 4-6 nm, the slight difference
among the samples cannot be considered significant. However, samples containing higher
vanadium loading express the smallest sizes: 4 nm for TiV15 and TiV20; while 6 nm for pure
TiO,. Crystallite size of TiVx samples increases exponentially along with the calcination
temperature until 600°C; in the case of pure TiO2 sample, it continues increasing at 650 °C.
Mixed oxides samples exhibit bigger crystallites sizes compared to the pure TiO2 sample, this
observation is consistent with literature. It has been reported that vanadium promotes sintering
of TiO2 anatase leading to bigger TiO> anatase and also rutile particles than pure TiO>
prepared under the same synthesis conditions [235, 236].

By contrast to pure TiO> sample, all four TiVx mixed oxides expose a slight decrease in the
crystallite size at 650 °C. As a reminder, all these samples exhibit reflections corresponding to
TiO; rutile crystal phase; moreover, the anatase to rutile transformation is followed by a
shrinkage of around 8% (i.e. breaking and rearrangement of Ti-O bonds) [167, 178, 237].
Therefore, this reduction of the crystallite size of the TiO, anatase nanoparticles is the result
of its transformation into rutile.
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Figure 3.9 Powder X-ray diffraction patterns of TiO: (a), TiV10 (b) and TiV20 (c) xerogels and calcinated samples.
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Table 3.3 Crystallite size and textural data for TiO2 and TiO2-V:0s samples after different heat treatments.

Sample Crystallite size® | Sper® Vp¢ Dp!
(nm) (m?-g™") | (cm*-g™!) [ (nm)

Xerogel 6 --- - -

350 °C 8 139 023 | 52

, 400 °C 8 104 0.18 | 5.1
Ti02 =5505¢ 13 68 017 | 5.7
600 °C 22 42 0.13 | 85

650 °C 27 28 009 | 9.7

Xerogel 5 --- - -

350 °C 6 153 024 | 45

. 400 °C 9 134 022 | 49
TiVS 17500 °C 12 64 015 | 65
600 °C 55

650 °C 60

Xerogel 5 --- - —

350 °C 6 164 026 | 3.5

: 400 °C 7 138 024 | 52
TiV10 =500%¢C 17 58 0.16 | 7.9
600 °C 60

650 °C 58

Xerogel 4 --- - —

350 °C 6 210 023 | 34

, 400 °C 7 133 020 | 46
TiVIS =500 C 25 27 0.13 | 162
600 °C 67

650 °C 61

Xerogel 4 --- - —

350 °C 5 172 013 | 3.2

: 400 °C 15 83 011 | 45
TivV20 =500 c 25 15 0.09 | 202
600 °C 64

650 °C 60

aderived from XRD data using Scherrer equation, Pspecific surface area, total pore volume, ‘BJH average pore diameter
calculated from desorption branch.

Besides, Gouma et al [237] propose three different scenarios for the anatase to rutile
transformation, one of them consisting in the formation of rutile on the surface of the coarser
anatase particles followed by the attachment of boundary particles. The attached particles
rotate in order to find a good crystallographic macth (i.e. (200) rutile planes grow parallel to
(112) anatase planes) promoting the rutile crystal growth. This scenario actually match with
the present discussion, bigger TiO> anatase particles transform first into rutile; at that stage,
only smaller anatase particles remain, waiting to be absorbed and transformed into rutile, thus
explaining the reduction of crystallite sizes in TiO2-V20s mixed oxides calcinated at 650 °C.

Another possible mechanism at the origin of this phenomenon is proposed by Gallardo-
Amores et al [236]. Briefly, TiO2 anatase particles with high defects density merge forming
bigger particles. Then, the boundary between these particles serve as a nuclei center for TiO»
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rutile which, in an exothermic process, disperse across the original anatase particles.
Therefore, the original size of anatase particles is reduced and thus the merged particles are
converted in rutile. This mechanism is illustrated in Figure 3.10.

Cy{ep m> (077

Figure 3.10 Mechanism proposed for the TiO: anatase (A) to rutile (R) transformation. Figure taken from [236].

At that point, it is difficult to conclude with certitude about the nature of this transformation.
Further analyses need to be performed in order to elucidate the real mechanism involved in
the TiO; anatase to rutile transformation for these materials.

Furthermore, molecular nitrogen physisorption isotherms and BJH pore size distribution of
heat-treated TiO, at different temperatures are presented in Figure 3.11. All isotherms
correspond to type IV according to the IUPAC, typical for mesoporous materials. Samples
calcinated at lower temperatures (i.e. 350 °C and 400 °C) exhibit kind of bimodal and wider
pore size distributions comparing to samples that underwent higher heat treatments. The
temperature of calcination also impacts the size of pores: for instance pore size distributions
of TiO; calcinated at 500 °C, 600 °C and 650 °C are centered 8 nm, 9 nm and 10 nm
respectively; while the other two samples (i.e. 350 °C and 400 °C) evidences a vaste
mesoporosity between 2-10 nm range.

By the same technique, TiO2-V20s5 samples, heat-treated at 600 °C and above, prove to loose
all their porosity bringing no exploitable data. This is principally due to the formation of the
V1,05 and TiO» rutile as observed by XRD (Figure 3.9) and an increment of the particle size
(Table 3.3).

Textural data of the whole series of TiO; and of TiO»-V20s5 mixed oxides (350-500 °C heat-
treated samples) are presented in Table 3.3. In general, the specific surface area decreases
with the increment of the calcination temperature and this effect becomes critical in mixed
oxides samples. For instance, specific surface area of TiV20 decreases by half between 350
°C and 400 °C calcinations; this may be correlated to the fact that this sample contains the
highest amount of vanadium among the TiVx samples, surpassing the doping level of
vanadium into the TiO, framework and promoting the formation of V,0Os and other vanadate
species. Then, between 400 °C and 500 °C, TiV15 and TiV20 exhibit similar behavior;
specific surface area in both cases is divided by five, while for TiV5 and TiV10 samples it is
only divided by two. This difference of behaviors is clearly associated with the vanadium
content; one may note that TiV5 and TiV10 does not evidence any reflection associated to
V205 at 500 °C, while TiV15 and TiV20 do (XRD patterns, Fig. 1 in section 3.1.1). In the
case of pure TiO> sample, it is also evidenced a decrease of the specific surface area with the
increment of calcination temperature; nevertheless, it is more gradual and, as the only crystal
phase observed is TiO> anatase, it is associated to the natural growth of particles promoted by
the heat treatment.
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Figure 3.11 (a) Molecular nitrogen physisorption isotherms and (b) BJH pore size distribution (desorption branch) of
TiO: after different heat treatments. Filled and open symbols refer to adsorption and desorption, respectively.

3.1.3.3 Electrochemical performance of TiO: calcinated at different
temperatures (i.e. 350-650 °C)
TiO, samples calcinated at different temperatures were electrochemically tested versus
lithium. It was interesting to determine the long-term stability of these samples and also verify
a possible effect due to the surface area and crystallite size which differs in the different heat-
treated TiO2 samples.

Therefore, electrodes using the TiO; xerogel and the 350-650 °C heat-treated TiO, samples,
as active material, were prepared. It is worthy to mention that during the electrode
preparation, TiO> xerogel sample was the only ink presenting a slighty deficiency of adhesion
to the copper sheet used as current collector. This phenomenon may be the consequence of the
organic by-products kept into the xerogel network as they will have a bigger affinity with the
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organic binder (i.e. PVDF). It is important to keep in mind that for this reaction conditions the
amount of organic compounds in xerogel was of 10.8 % (determined by TGA, Figure 3.6). All
electrodes were cycled at a current rate of 16.8 mA-g™! and kept it for 75 cycles. Besides the
NHSG derived TiO2, a commercial TiO, (anatase Sigma Aldrich) electrode was also tested
under the same conditions. Cycling performances of these materials are presented in Figure
3.12. Xerogel sample is the only one, amongst the NHSG ones, which specific capacity
drastically decays from the first cycles, stabilizing it at around 50 mAh-g™!. In a similar way,
Liu et al [238] show an as-grown amorphous TiO», prepared by anodic oxidation, with poor
stability compare with a 400 °C heat-treated TiO,. Besides, the electrode may have suffered
from disintegration due to the poor adhesion of the ink onto the current collector. For its part,
anatase Aldrich sample loses gradually its capacity since the beginning of the cycling as
observed before during the cycling at different current rates (Figure 3.4).

Interestingly, TiO, samples that underwent heat treatments at 600 °C and above start the
cycling proving good stability. However, at some point both samples start losing gradually
their specific capacity. This behavior can be correlated with the reduction of specific surface
area and an increment of particle size; both samples also exhibit the smallest pore volumes of
the series, letting less available spaces for the lithium insertion and thus giving less capacity
(Table 3.3). Moreover, 350 °C heat-treated TiO> exhibits the best performances; it displays a
specific capacity of 199 mAh-g! at the end of the cycling (i.e. cycle 75) versus 176 mAh-g’!
from the 500 °C heat-treated counterpart. For its part, the 400 °C heat-treated TiO2 only
presents a specific capacity of 137 mAh-g!. The fact that 350 °C TiO, possesses better
performances can be explained because it presents the highest specific surface area (139 m*-g’
1) area and the highest pore volume (0.23 cm®-g™') among the TiO; calcinated samples; thus,
having more free spaces to allow lithiation of TiO.. Besides, its smaller crystallite size may
reduce the Li" diffusion path inside the electrode.
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Figure 3.12 Cycling performances at a current rate of 16.8 mA-g' (C/20; C=335.6 mA-g") of TiO: calcinated at
different temperatures (xerogel and commercial TiO: also included) for a voltage window of 1.2-2.5 V versus Li*/Li
(filled and open symbols refer to reduction (discharge) and oxidation (charge), respectively).

Initial galvanostatic charge/discharge profiles of TiO: calcinated at different temperatures are
displayed in Figure 3.13. All samples exhibits the tipical behavior of lithium insertion into the
anatase crystal phase of TiO, showing a constant plateau at 1.75 V versus Li'/Li, associated to
the coexistence of the lithium-poor and the lithium-rich titanates phases [184, 185]. Then, a
pseudoplateau appears at ca. 1.5 V versus Li"/Li corresponding to the beginning of the
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formation of the LiTiO> phase. The extension of this section strongly depends of the surface
area of the material [186]; so, it is not surprinsing that 350 °C TiO» sample, having the highest
surface area, presents a larger lithiation process compare to the other samples of the series.

It is worthy remarkable that the fast drop of potential from the open circuit, associated to the
formation of a solid solution Li, TiO2 (x<0.5), differs for the 350 °C sample. It decreases with
a slower rate than the rest of the series and it also exhibits a small plateau at 1.86 V versus
Li"/Li. This phenomenon may be associated to the presence of residual organic compounds
that still remainds trapped into the TiO, framework, as all organic byproducts are eliminated
after 500 °C (TGA Figure 3.1 and Figure 3.6). At this stage, it is a little precipitate to make
conclusions about the origin of this behavior, mainly because reduction of the electrolyte
compounds and other organic compounds appears at lower potentials [239-241]. This
electrochemical behavior only appears in the first reduction, it is not observed during the
oxidation step, indicating that this phenomenon correspond to an irreversible process during
the first lithiation.

In order to provide a better understanding of this phenomenon and to clarify if it is originated
for the reduction of either the electrode or the electrolyte, further analyses need to be
performed such as in situ XRD or in situ FTIR. These analyses will bring information about
the crystal structure modification or the electrolyte composition, respectively, along the
galvanostatic cycling.

Potential (V vs. Li/Li’)

Lo o e e e ooy ap baoe o foaacpsy
0 100 200 300 400 500 600

Specific Capacity (mAh g™)

Figure 3.13 Initial galvanostatic charge/discharge profiles at a current rate of 16.8 mA-g! (C/20; C=335.6 mA-g™) of
different temperature heat-treated TiO: electrodes for a voltage window of 1.2-2.5 V versus Li*/Li.

3.14 Electrochemical performance of NHSG TiO: and Ti0:-V20s mixed
oxides versus sodium

Recently, French researches from CNRS and CEA belonging to the Réseau sur le stockage
¢lectrochimique de I'énergie (RS2E) have developed a sodium battery prototype based on the
industry standard format “18650”. This prototype has proven to be attractive for industry
mainly due to its electrochemical competitive performances as compared with its lithium
counterparts (lifespan exceeding 2000 charge/discharge cycles). Besides, sodium is an
abundant resource unlike lithium [242].
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Thus, inspired by this prototype, the TiO> and TiO»-V20Os based electrodes, previously
analyzed versus lithium (section 3.1.1), were galvanostatic cycled versus sodium. The cycling
performances, efficiency and galvanostatic charge/discharge profiles from the 1% and 20"
cycles are shown in Figure 3.14. Current rates chosen were the same as those used before for
the lithium cycling, i.e. 16.8, 33.6, 67.2, 168 and 336 mAh-g!, for comparison.

It is important to keep in mind that lithium and sodium insertion mechanisms differ, even if
they show some similarities. As a reminder, standard reduction potentials (E£” at 25 °C and 1
atm) for the redox couples Li"/Li and Na"Na are -3.04 V and -2.71 V, respectively to the
standard hydrogen electrode [243]. Thus, lithium is a stronger reducing agent.

Moreover, electrolyte employed is not the same in both cases. For instance, non-aqueous
liquid electrolytes used in Na-ion batteries (SIBs) usually present an electrochemical stability
range between around 0-5 V versus Na'/Na [244]; while for its lithium counterparts, organic
carbonates in electrolyte get reduced at potentials around 1.0 V versus Li"/Li [239-241]. TiO»
1s also considered an intercalation material in Na-ion batteries, as for the Li-ion batteries case,
and is consider a zero-strain material too [245]. Calculations suggest that diffusion barriers for
Li" and Na" are similar in TiO anatase, even if Na' radius is larger; however, micron-sized
Ti0; anatase has been proven electrochemically inactive in sodium cells [246-248].

Unlike the well know insertion/desinsertion mechanism of into TiOz, the
sodiation/desodiation process of TiO2 remains still unclear. The lithiation mechanisms cannot
be simple extrapolated to sodium processes. Some characteristics of TiO> based electrodes
towards sodiation are that the first discharge exhibits major differences as compared with the
following ones, and Na" may only interact with the particle surface. The former suggest that
the surface area is a key parameter to keep in mind in order to optimize performances [249].

Wu et al [250] proposes a three section mechanism consisting in a fast potential drop until 1.0
V versus Na'/Na corresponding to pseudocapacitive events without any structural
modification. Then, it is followed by the sodium insertion into the TiO> with a structural
rearrangement (i.e. distortion of the anatase lattice) forming a sodium titanate intermediate
phase (Nag2sTiO2) at 0.3 V versus Na'/Na. At the same time, TiO; is reduced to metallic
titanium producing also sodium oxide and oxygen. This reaction continues until reach the
potential of 0.1 V versus Na'/Na. Then, the sodium titanate, previously formed,
disproportionates into another metastable sodium titanate (a rhombohedral Na,TiO> phase
with high degree of disorder), which can reversibly desodiate ca. 0.41 Na* per TiO». Besides
Li e al [251] deduced by refinement the formula of the former:
(Nao.43Ti0.57)3a(00.22Nao 39 T10.39)3602 where O corresponds to vacancies.

Initial galvanostatic charges/discharge profiles for the TiO2-V20s mixed oxides (Figure 3.14a)
are consistent with the mechanism detailed above with some differences. All samples exhibit
a fast potential drop from the open circuit to 1.3 V versus Na‘/Na, followed by the formation
of a pseudoplateau in the 1.1-1.3 V versus Na'/Na region. Then, a constant slope is
maintained until 0.2 V versus Na"/Na where a second pseudoplateau appears. Mao et al [252]
also observe the presence of the first pseudoplateau over the same potential range;
unfortunately, they doped its TiO, with Sn and discussion was not deeper about that point.
This second plateau at around 0.2 V versus Na'/Na has already been reported in literature and
is associated to irreversible two-phase reactions [249, 251].

As for the lithiation case discussed before (section 3.1.1), the influence of vanadium is
observed at the beginning of the discharge profile. Shoulders, indicating electrochemical
activity, appear at potentials above 1.3 V versus Na'/Na and are in accordance with the

66



TiOz—VzOs Mixed Oxides

activity of vanadate compounds [253]. Absence of this features in subsequent cycling
indicates the irreversibility of this process.

The shape of the charge profile indicates that not all the sodium inserted is desodiated in a
reversible process. Initial coulombic efficiency is low, ca. 39% for TiO; and TiV5 samples
and ca. 47% for the rest. As indicated by the mechanism of this process, a considerable
amount of Na' is not recupered after the first cycle; nevertheless, once the formation of the
metastable sodium titanate is done, the reversibility of the system is improved and coulombic
efficiency reaches values around 98 % after 20 cycles.
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Figure 3.14 Galvanostatic charge/discharge profiles at a current rate of 16.8 mA-g-' (C/20) of TiO: and TiO2-V20s
electrodes versus Na, (a) 1% cycle and (b) 20%™ cycle; (c) cycling performances and (d) coulombic efficiency at different
C rates (C = 335.6 mA-g™) for a voltage window of 0.0-2.5 V versus Na*/Na (filled and open symbols refer to reduction
—discharge— and oxidation —charge—, respectively).

Figure 3.14b shows the charge/discharge profile of the 20" cycle. Shapes of both profiles
indicate the good reversibility of the sodiation/desodiation process and the discharge profile,
in particular, evidences the irreversibility of the first sodiation cycle (i.e. absence of the two
pseudoplateaus). Results are in agreement with the TiO: cycling behavior reported in
literature [251, 254-256]. Influence of vanadium continues to be observed as mixed oxides
samples evidence a shift in the slope starting from ca. 1.9 V versus Na'/Na during the
discharge profile, proving some reversibility of the sodiation process into the vanadate
species.

Moreover, all samples present good stability. Electrodes were subjected to different current
rates and the coulombic efficiency was not drastically affected by the current rate
modifications. Contrary to the lithium case, specific capacity of TiO> was considerably
improved by the addition of 5 % of vanadium. The TiO; sample present the lowest capacities
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along the cycling as compared with all mixed oxides, and TiV5 sample exhibits the best
performances amongst this material series as observed in Figure 3.14c. Lower specific
capacities obtained for the other mixed oxides will be the consecuence of a bigger amount of
vanadium and the presence of V2Os preventing the sodiation of TiO., similar to the behavior
observed during the lithiation process (section 3.1.1). It is noteworthy that TiV10, TiV15 and
TiV20 samples exhibit lower initial specific capacities than TiO2 sample, this “blocking”
phenomenum may limit the SEI formation improving the latter cycling performances (i.e.
better initial coulombic efficiency).

A summary comparing the performances of TiO2 and the TiO»-V205 mixed oxides against the
lithiation and sodiation processes is presented in Table 3.4. Briefly, all samples exhibit higher
capacities for the first reduction versus sodium; however, due to the complexity of the
sodiation mechanism and the formation of different irreversible processes the capacity fade is
more important for this samples after 20 cycles. It is also remarkable that all mixed oxides
exhibit higher specific capacities versus sodium than versus lithium; the only exception being
the pure TiO2 sample which performances are below those obtained versus lithium.

As a conclusion, contrary to the lithiation process, the addition of different vanadium loading
in the Ti02-V20s mixed oxides improves the electrochemical performances of TiO2 versus
sodium. A vanadium loading equal to 5 % seems to be the optimal amount for the best results,
considerably improving the specific capacity due to the small vanadium content. Besides, this
vanadium loading is not high enough to form the V,0Os scherbinaite crystal phase that seems
to block the initial sodiation process.

Table 3.4 Comparison of TiO2 and mixed oxides reduction specific capacities of galvanostatic cycling versus Li and

Na.
Sample 15t cycle (mAh- g ) 20t cycle (mAh- g1) 434 cycle (mAh- g)
vs. Li vs.Na vs. Li vs.Na vs. Li vs.Na

TiO: 326 508 188 180 128 110
TiVvs 375 609 184 235 110 128
TivV10 290 444 147 197 74 116
TivV15 313 458 160 200 94 138
Tiv20 292 403 135 184 77 119

3.1.5 Electrochemical performance of TiO: over different potential ranges
As discussed before, pure TiO> prepared by the NHSG Pr,O route and calcinated at 350 °C
shows the best galvanostatic cycling performances and good stability of the different
calcination temperature series (section 3.1.3.3). Therefore, it was tested under unusual voltage
window conditions; for instance, decreasing the potential to 0.3 V versus Li'/Li, below the
reduction potential of the electrolyte compounds. It has been reported that organic carbonates,
commonly used as components in Li-ion batteries electrolytes (e.g. PC, EC, DMC), present a
reduction potential around 1.0 V versus Li*/Li [239-241]; thus, one may expect a fast drop of
capacity during the cycling of TiO; based electrodes in this range, as already reported in
literature [170].

Preliminary tests consisted in cycling the 350 °C heat-treated TiO, at a constant current rate
of 67.2 mA-g"' (C/5). Cycling performances are presented in Figure 3.15. The first five
charges/discharge cycles were recorded between the common potential window used before
(i.e. 1.2-2.5 V versus Li'/Li); then, cycles were carried out in the 0.3-2.5 V versus Li'/Li
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range. It is observed that, after the modification of the potential range, TiO> remains stable.
There is a slight decrement in capacity; however, a fast or drastical drop is not evidenced after
50 cycles under the new voltage window. A coulombic efficiency above 97 % is reached in 10
cycles after the voltage window changement (i.e. 97.1 % for cycle 15 of the whole cycling)
and it continues to increase till the end (99.2 %). Specific capacity at the end of the cycling
reaches 196 mAh-g! and is comparable to the capacity obtained after the long cycling
described above (section 3.1.3.3).

T e e  RRARama kil [P
400 [» o ]

ol :‘ |
T L H80 ~
o [ 178
gwofl i :
E [l 1% Je0 &
2 [ e, 1 ®
T | &
a 200 - B 000000000000000n000 o
S - -~ 40 3
o =— Reduction (discharge) 4 3
= —— Oxidation (charge) %
o [ Coulombic efficiency
Q! 100 i 20 8
7] |

[ I : 0.3-2.5V |

[ )L T T TRTT FTTTEETTTY FERTETTTT] PN TTTTTT e
o | 10 20 30 40 50
1.2-2.5V

Cycle number

Figure 3.15 Cycling performances at a current rate of 67.2 mA-g”' (C/5) of TiO2 from NHSG 'Pr:0 ether route
calcinated at 350 °C for different voltage windows versus Li*/Li.

Stability of this NHSG TiO; may also be derivated of the synthesis method. There are some
side reactions linked to the presence of adsorbed water into the active material, leading to the
formation of LiOH and H> [257]. Thus, as water is avoided by the own synthesis method,
those reactions are also avoided and possible catalytic degradation of the electrolyte is
prevented.

In order to evaluate if this characteristic was dependant of these particular synthesis
conditions or rather a intrinsic property coming from the synthesis method, a series of diferent
ether derived TiO» (i.e. 'ProO and THF) calcinated at 350 °C and 500 °C was prepared for
galvanostatic cycling. Crystal structures of these samples were analyzed by XRD and
diffractograms are presented in Figure 3.16.

All samples only exhibit reflections associated to the TiO> anatase crystal phase (JCPDS 00-
021-1272). The 500 °C heat-treated samples evidence narrow and better defined reflections
(e.g. reflections ca. 70 ° 20) as an indication of an improvement in crystallinity and also
suggesting the presence of bigger particles. The crystallite size values, determined by the the
Scherrer equation, are summarized in Table 3.5. Samples calcinated at the same temperature
evidence similar crystallite size, regardless the oxygen donor. Samples calcinated at 350 °C
shows crystallite sizes that are just slightly bigger in comparison with values obtained for the
xerogels (Table 3.3). Thus, one may consider that at this temperature, there are not major
modification in the crystalline structure of the TiO, and only organic byproducts are
eliminated. A clear increment of the crystallite size is observed at 500 °C.
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Figure 3.16 Powder X-ray diffractograms of 'Pr2O and THF derived TiO: calcinated at different temperatures (i.e.
350 °C and 500 °C).

Table 3.5 Crystallite size, textural data and NHs uptake for TiO: from different oxygen donors (i.e. Pr20 and THF)
and different calcination temperatures (i.e. 350 °C and 500 °C).

Sample Crystallite Seet® Vp* Dp¢ | NHsdesorbed | NHs desorbed
size® (nm) (m*gh) | (cm’g") (mm) | (umol NH3-g™") | (umol NH3-m™)
TiO2-1PE-350 8 139 0.23 5.2 620 4.46
TiO2-1PE-500 13 68 0.17 5.7 310 4.56
TiO2-THF-350 8 163 0.33 6.0 850 5.21
TiO2-THF-500 14 75 0.24 9.8 290 3.87

aderived from XRD data using Scherrer equation, Pspecific surface area, ‘total pore volume, ‘BJH average pore diameter
calculated from desorption branch.

Molecular physisorption isotherms and pore size distributions are presented in Figure 3.17.
One may note that all isotherms correspond to type IV according to the IUPAC classification.
This shape is characteristic of mesoporous materials. The BJH pore size distributions confirm
the presence of mesopores in the 2-11 nm range. All samples exhibit broad distributions with
the exception of TiO>-IPE-500, which shows a narrow distribution centered at 8 nm.
Interestingly, heat treatments at 500 °C lead to larger pore sizes than the 350 °C heat-treated
counterparts. Textural data, summarized in Table 3.5, evidences a decrease of the surface area
with the increment of calcination temperature; this behavior is also correlated with the crystal
growth as determined by XRD. One also notices an augmentation in the average pore size
with the increment of temperature and, in general terms, THF derived samples exhibit higher
surface areas than their 'Pr,O counterparts. Thus, the oxygen donor used during the synthesis
step have a major effect over the textural properties of these materials, as also observed for
the case of alcohols as oxygen donors (section 3.2).

The acidic properties of these samples were evaluated by ammonia temperature programmed
desorption (NH3-TPD). This test was performed with the idea to bring some insights about the
acidic sites present in these samples susceptible to promote electrolyte degradation and to
determine a possible influence of the calcination temperature over the acidity of samples.
NH3-TPD profiles of the different NHSG TiO; are presented in Figure 3.18 and NHj3 uptake
in Table 3.5. The area under the curve of the samples calcinated at 350 °C double the the area
of the 500 °C counterparts, indicating the presence of more acidic sites. These results are in
agreement to the surface area of these materials (i.e. Sget at 350 °C = 2 Sggr at 500 °C). Both
TiO» samples prepared with ‘ProO have practically the same density of acidic sites and is
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comparable to TiO2 Degussa P25 [258]. However, TiO2-THF-350 is more dense than its 500
°C counterpart. Profile shape is similar for all samples with maxima around 260-320 °C
range, in agreement with literature [258, 259]. Besides, the 350 °C heat-treated samples need
higher temperatures to completely desorb ammonia showing that the strength of acidic sites
slightly decreases when the calcination temperature increases.
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Figure 3.17 (a) Molecular nitrogen physisorption isotherms and (b) BJH pore size distribution (desorption branch) of
iPr;0 and THF derived TiO: calcinated at 350 °C and 500 °C. Filled and open symbols refer to adsorption and
desorption, respectively.

In summary, acidity is similar in both materials regardless of the heat treatment. The main
difference is the amount of acidic sites that depends of the surface area. This, the
electrochemical performances, notably specific capacity, may propably be more affected by
the surface area (i.e. more sites for Li") than from the acidity of these materials.
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Figure 3.18 NH3-TPD profiles of the TiO2 samples prepared by NHSG ether routes.

Regarding the electrochemical performances of TiO», it is quite remarkable the fact that there
are only a few reports using wider potential windows in literature. Some authors have worked
with slighty larger voltage windows between 0.8-3.0 V versus Li*/Li without any particular
remarks [185, 230, 260, 261]. The only reports found working with enlarged potential
window going down to 0.01 V versus Li'/Li correspond to studies of TiO; rutile [262, 263]
and Ti02/C composites, using graphene [264], amorphous carbon [265] and carbon nanofibers
[266].

In the case of TiO: rutile, authors settled that their electrodes evidence good reversibility
working with this enlarged potential window due to an increment in the amount of lithium
inserted during the lithiation process. Besides, Hong et al [262] also associated this
electrochemical storage behavior to the hierarchical structure of their mesoporous TiO» rutile,
providing more active sites allowing thus easy acces to the electrolyte. Regarding the TiO»-
graphene composite, authors choose this voltage window (i.e. 0.01-3.0 V versus Li'/Li)
because it correspond to the graphene work potential; thus, as the authors agreed, the
electrochemical performance is improved by the coexistence of both lithium insertion
mechanisms into the TiO> and into the graphene.

Taking inspiration of the literature discussed above; the four NHSG ether derived TiO2
samples were used as active material in assemblage of coin cells. Then, they were cycled at a
constant current rate of 67.2 mA-g' (C/5) starting in the 1.2-2.5 V versus Li*/Li range
followed by a succession of broader potential windows (each ten cycles) until reaching the
0.1-2.9 V versus Li"/Li range. Cycling performances of this cycling are shown in Figure 3.19
and a commercial sample (i.e. TiO; anatase Aldrich) was also added for comparison. The four
NHSG derived TiO; samples evidence a quite good stability through the different voltage
windows, opposite to the commercial one, which capacity significantly drops after the first
voltage window changement (i.e. 1.2-2.5 to 0.3-2.5 V versus Li'/Li). Interestingly, specific
capacities of the 350 °C heat-treated samples always surpass capacities of their 500 °C heat-
treated counterparts after the first regime modification (i.e. 11" cycle). However, at the end of
the cycling, TiO2-THF-350 seems to drop faster, probably due to a higher acidic sites density.
Besides, it is noteworthy that the stability is only provided by the TiO, anatase, without any
influence of carbon sources (e.g. carbon coatings or carbon composites) compare to reported
works [264-266]. Electrochemical stability of these materials can be associated to the
mesoporosity and the hierarchical structure of the NHSG derived TiO», as suggested by Hong
et al [262]; in addition, the absence of water may also be a key parameter in stability.
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Figure 3.20 Galvanostatic charge/discharge profiles at a current density rate of 67.2 mA-g™! (C/5) of TiO: from NHSG
ether route (i.e. ‘Pr20 and THF; both heat treatments 350 and 500 °C in air) for different voltage windows versus
Li*/Li (a) 1* cycle; (b) 11™ cycle; (¢) 21%¢ cycle and (d) 31° cycle (i.e. 1% cycles after changing the potential window;
Figure 3.19).
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Charge/discharge profile of the first cycles after modification of the voltage window (i.e. 1%,
11", 21t and 31%" cycles) are presented in Figure 3.20. The initial profiles of 500 °C treated
samples (Figure 3.20a) exhibit the characteristics of lithium insertion into TiO> anatase
framework. Both 500 °C heat-treated TiO, samples show a potential drop from the open
circuit corresponding to the formation of a solid solution of Li,TiO2 (x<0.5). When the
potential reaches ca. 1.70 V versus Li'/Li, the characteristic constant plateau associated to the
coexistence of the as formed Li,TiO; and the lithium rich LiosTiO> appears and it is followed
by another two-phase reaction, evidenced by the pseudoplateau at ca. 1.5 V versus Li'/Li,
towards the formation of LiTiOs,.

On the other hand, TiO2-IPE-350 sample presents the same characteristics described for the
two precedent samples. However, it also exhibits a shoulder evidencing an electrochemical
activity besides TiO., and the average voltage of the constant plateau is increased by ca. 0.03
V versus Li'/Li. Interestingly, the plateau observed before for this samples at ca. 1.9 V versus
Li"/Li (section 3.1.3.3) is not observed at the present current rate. As a reminder, cycling
detailed in that section correspond to a current rate of C/20; while here, current rate employed
correspond to C/5; in other words, the lithiation process is faster in this cycling. The presence
of the shoulders joined to the absence of this plateau suggests that a fast lithiation process
mitigates this particular electrochemical activity which seems to need a slow lithium flux in
order to be activated. In addition, TiO2-IPE-350 sample also presents a slight difference for
the first oxidation (charge). Its average voltage plateau during oxidation is decreased by ca.
0.02 V versus Li*/Li as compared with the other three samples that exhibit identical potential.
Thus, polarization is also minimized for this sample.

Redarging the TiO,-THF-350 sample, it exhibits a more marked shoulder, starting from ca.
2.2 V versus Li'/Li until 1.72 V versus Li*/Li. This sample also presents a pseudoplateau
instead of a well defined constant one in the biphasic LixTiO2-TiO> region and is also
increased by 0.02 V versus Li'/Li (at the beginning of the pseudoplateau). Differences in the
first lithiation process of this sample are contrasting; therefore, the amount of residual organic
compounds was determined by TGA trying to elucidate if the origin of this behavior may be
caused by the presence of remaining byproducs. Results evidence a 3 wt% of residual organic
compounds; however, as mention before further analyses need to be performed in order to
successfully conclude about this behavior.

When changing the voltage window to the 0.3-2.5 V versus Li"/Li region, Figure 3.20(b), all
samples continue to exhibit the characteristics of TiO2 anatase lithiation process. Here, the
four samples present identical average voltage plateau (1.77 V versus Li"/Li). TiO2-IPE-350
sample presents, also here, less polarization compare with the other samples. Its average
oxidation voltage plateau is decreased by ca. 0.03 V versus Li"/Li (1.92 V versus Li/Li
against 1.95 V versus Li'/Li of its 500 °C heat-treated counterpart). This behavior continue to
be observed within the last two voltage windows. On the contrary, its THF TiO, analogue
increases its polarization throughout the cycling along with the increment of the voltage
window, losing faster its specific capacity through the end of the cycling (i.e. last section of
Figure 3.19). Concerning the 500 °C heat-treated TiO2 samples, both of them exhibit
practically identical behavior throughout the last two sections (i.e. 0.3-2.9 and 0.1-29 V
versus Li"/Li). The main difference between both of them is that the THF derived TiO> loses
capacity during the second section (i.e. 0.3-2.5 V versus Li"/Li) and then stabilizes passing to
the next voltage window.

In summary, these samples exhibit a stable behavior trough this particular cycling (i.e. voltage
window modification). Acidity does not affect the stability and surface area of samples seems
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to promote higher capacities. Longer cycling should be performed to determine the long-term
stability, as 350 °C heat-treated samples seem to loose their capacity faster than their 500 °C
calcinated counterparts in the voltage window between 0.1-2.9 V versus Li*/Li.

3.2 TiO: and TiO2-V20s5 mixed oxides prepared by NHSG alcohol routes

3.2.1 Influence of the oxygen donor, alcohol versus ether, over the TiO:
properties
Aside from the NHSG 'Pr,0 route, two NHSG alcohol routes were tested. Preliminary works
were performed to synthesize pure TiO> and the results were used to setup the experimental
conditions for the the preparation of TiO>-V>0s mixed oxides. The two alcohols used as
oxygen donors were isopropanol (‘PrOH) and tert-butanol (‘BuOH) and global balance for
ideal reactions is presented in Scheme 3.2.

CH,Cl,, 110 °C, 4 d

(@) TiCl, + 2 'PrOH » TiO, + 2 'PrCl + 2 HCI

CH,Cl,, 110 °C, 4 d

() TiCly + 2 '‘BUOH » TiO, + 2 'BuCl + 2 HCI

Scheme 3.2 Global balance for ideal reaction synthesis of TiO2 by NHSG alcohol routes.

These syntheses were performed using TiCls, as titanium precursor, and one of the two
alcohols mentioned above, as oxygen donor. Besides, 10 mL of anhydrous CH>Cl, were
added to slow reaction kinetics; thus, decelerating the initial formation of HCI. After 4 days of
reaction, xerogels were washed and calcinated. Both alcohols lead only to anatase TiO>
crystal phase (JCPDS 00-21-1272) after calcination at 500 °C, as determined by XRD (Figure
3.21). Crystallte size values, determined by the Scherrer equation (Table 3.6), are similar with
values in the 12-14 nm range.

Table 3.6 Crystallite size and textural data for TiO: prepared by NHSG using different oxygen donors.

Sample Crystallite size® (nm) | Spet® (m2-g™") | Vp© (cm3-g!) | Dp® (nm)
TiO2-Pr20 13 68 0.17 5.7
TiO2-PrOH 14 62 0.13 5.9
TiO2-‘BuOH 12 88 0.35 12.8

aderived from XRD data using Scherrer equation, ®specific surface area, ‘total pore volume, ‘BJH average pore diameter
calculated from desorption branch.

Textural characteristics of these samples by molecular nitrogen physisorption are reported in
Table 3.6, isotherms and pore size distributions being shown in Figure 3.22. Isotherm for
TiO»-PrOH corresponds to type IV, similarly to the one of TiO»-Pr,O prepared by the ether
route. This kind of isotherm is characteristic of mesoporous materials. However, isotherm of
TiO,-'BuOH sample correspond to type II with hysteresis associated to mesoporous materials.
Its hysteresis corresponds to a Hs type according to the IUPAC classification [223]. This kind
of hysteresis shape is characteristic of materials that tend to create agglometares suggesting
that this TiO2 does not present intrinsic porosity, or only in small amount. TiO»-'PrOH,
presents well defined mesopores in the range of 3-10 nm, similarly to the TiO»-'Pr,O prepared
by the ether route, while TiO>-'BuOH exhibits a wider distribution going up to 50 nm pores.
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Figure 3.21 Powder X-ray diffraction patterns of TiO: from different oxygen donnors.
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Figure 3.22 (a) Molecular nitrogen physisorption isotherms and (b) BJH pore size distribution (desorption branch) of
TiO2 from iPr20, 'PrOH and ‘BuOH route. Filled and open symbols refer to adsorption and desorption, respectively.
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Initial galvanostatic charge/discharge profiles of the two alcohol derived and the ether derived
TiO2 are shown in Figure 3.23. All of them present the typical characteristics of anatase TiO2
towards lithium insertion. One may observe a fast potential decay from the open circuit,
followed by the plateau corresponding to solid the solution Li,TiO2 (x<0.5) and Lio.sTiO2
coexistance and ending with a pseudoplateau at ca. 1.5 V versus Li*/Li to the formation of
LiTiO.. Interestingly, TiO»-'PrOH and TiO,-'BuOH evidence, during the first reduction, an
increment in the average voltage of the plateau of ca. 0.04 V versus Li'/Li (i.e. 1.78 V versus
Li*/Li against 1.74 V versus Li*/Li for TiO,-Pr,O). Concerning the first oxidation, all
samples display the same potential; thus, electrodes polarization seems to be enhanced by
using alcohols as oxygen donors during the synthesis step.

Additionally, TiO>-PrOH displays the biggest initial specific capacity (256 mAh-g') while
TiO,-'BuOH exhibits the lowest one (238 mAh-g™!). As mention before, the last section of the
galvanostatic charge/discharge profiles is highly dependend of the nature and surface area of
the active material [186]. However, even if TiO>-'BuOH exhibits the highest specific surface
area, it does not improves the specific capacity at the end of the lithiation process. This
phenomenon can be correlated with the porosity nature of this sample. As observed by the N»
physisorption isotherm (Figure 3.22), mesoporosity of this sample can be originated by the
formation of aggregates (according to the hysteresis and isotherm shape) that may be weakly
bounded and easily disaggregated throughout the preparation of the electrodes films (30
minutes stirring); thus, reducing the accessible sites for lithium storage.
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Figure 3.23 Initial galvanostatic charge/discharge profiles at a current rate of 16.8 mA-g! (C/20; C=335.6 mA-g") of
different oxygen donors TiO: electrodes for a voltage window of 1.2-2.5 V versus Li*/Li.

To summarize, NHSG 'PrOH route was selected for the preparation of TiO2-V20s mixed
oxides given that it offers similar specific surface area that those obtained by the NHSG 'Pr,O
route and it also displays better initial electrochemical performances versus lithium (i.e. 256
mAh-g! for TiO>-PrOH against 238 or 326 mAh-g! for TiO>-BuOH and TiO,-Pr,0
respectively). Additionally, it also presents intrinsic mesoporosity opposite to the 'BuOH
derived TiOs.
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3.2.2 Structural and textural characterization of TiO:-V,0s mixed oxides
prepared by NHSG PrOH route

Based on the synthesis reported above, TiO2-V20s mixed oxides were prepared using the
NHSG PrOH route in the same conditions and using the same vanadium loading used for the
'Pr;0 case (i.e. 4 days reaction at 110 °C, calcination at 500 °C, section 3.1.1). In order to
avoid confusion, samples from NHSG PrOH route are labeled as their ‘ProO counterparts by
adding “~OH” at the end of the name (i.e. TiVx-OH, x corresponding to the nominal
vanadium atomic percentage).

Diffractograms of these samples are presented in Figure 3.24. All samples exhibits reflections
of TiO, anatase crystal phase (JCPDS 00-021-1272) and not significant shift of anatase
reflections was detected. Samples with higher vanadium loading, i.e. TiV15-OH and TiV20-
OH, also exhibits traces of V;0s scherbinaite crystal phase (JCPDS 00-041-1426).
Scherbinaite reflections are more intense in TiV20-OH than TiV15-OH evidencing a more
important presence of V,0s crystals (=17 wt% and =9 wt% respectively). Estimations of the
crystalline amount of V,Os are similar as those obtained for the 'Pr.O route (section 3.1.1)
suggesting that TiO»-V20s mixed oxides prepared by this NHSG route also accept an
maximum doping of vanadium of about 5 at%.
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Figure 3.24 Powder X-ray diffraction patterns of 'PrOH derived mixed oxides.

Crystallite size, reported in Table 3.7, show that low vanadium loadings (i.e. 5 and 10 V%)
does not have any impact on the crystallite size of TiO anatase. However, for the 15 and 20
V% loadings, crystallite size becomes bigger for both samples. For the latter, this is
apparently correlated with the formation of V205 crystals as observed in their diffractograms
(Figure 3.24). A possible interpretation is that the formation of the V20Os scherbinaite phase
consume V atoms that are less disponible for inclusion into the TiO2-V20s solid solution and
consequently does not limit crystal growth of the TiO particles. Thus, the anatase to rutile
transformation is accelerated, as discussed above (section 3.1.3.2). A similar behavior has
been observed for the ‘Pr.O TiVx series (section 3.1.1).
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Table 3.7 Crystallite size and textural data for TiOz and TiO2-V20s samples from the ‘PrOH NHSG route.

Sample | Crystallite size* (nm) | Sper’ (m?-g™!) | Vp© (cm3-g'!) | Dp® (nm)
TiO2-OH 14 62 0.13 5.9
TiV5-OH 15 52 0.15 8.4

TiV10-OH 14 48 0.14 8.7
TiV15-OH 25 20 0.09 18.0
TivV20-OH 24 8 0.06 27.9

aderived from XRD data using Scherrer equation, Pspecific surface area, ‘total pore volume, ‘BJH average pore diameter
calculated from desorption branch.

One may observe in scanning electron micrographs of Figure 3.25 that all samples exhibit
similar hierarchical structures as those presented before for the 'Pr,O derived samples (section
3.1.1). TiV15-OH and TiV20-OH mixed oxides are principally composed by nanoparticles of
ca. 30 nm which seem slightly bigger than predicted by XRD. All samples are powders of
micronsized rounded-shape particles. Samples containing higher vanadium loading, exhibit
also long and flate needles typical of V20s scherbinaite crystals. This morphology is different
from the one observed for TiV20 obtained with 'Pr,O as oxygen donor (Fig.2 in section
3.1.1). In the former case, V205 crystals exhibit a plate-like morphology and are
homogenously dispersed throughout the compound. Besides, their size does not exceed the
nanometer scale. By contrast, V2Os crystals in TiV20-OH are of few microns length.

> B

$48005@5.0k o2 - 54800 x50:0k

Figure 3.25 SEM micrographs of TiV5-OH (a), TiV10-OH (b), TiV15-OH (c) and TiV20-OH (d-e) from the NHSG
iPrOH route.

The difference in the morphology of the V,0Os crystals can also be originated from the solvent
used during synthesis, indeed the TiVx mixed oxides prepared with Pr,O were synthesized
without any addition of solvent or additives. On the other hand, CH>Cl, was used as solvent in
the 'PrOH route. A third difference is the presence of HCI that is inevitable released as
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byproduct in the latter case while it is absent in the ether route. Althought, it is possible to
establish these differences between the two NHSG routes, a clear and definitive understanding
and interpretation of them is impossible at that point of the study.

Molecular nitrogen physisorption isotherms, pore size distribution and textural characteristics
of the 'PrOH derived mixed oxides are summarized in Figure 3.26 and Table 3.7. Isotherms of
pure TiO2, TiV5-OH and TiV10-OH samples correspond to the type IV according to the
IUPAC classification and are associated with mesoporous materials. Regarding the TiV15-
OH and TiV20-OH isotherms shape, both of them are more like type II, with a sketch of
saturation at the end, they exhibit hysteresis behavior evidencing some mesoporosity.
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Figure 3.26 (a) Molecular nitrogen physisorption isotherms and (b) BJH pore size distribution (desorption branch) of
TiO2 and Ti02-V20s from the NHSG PrOH route. Filled and open symbols refer to adsorption and desorption,
respectively.

As a general trend, specific surface area decreases when the vanadium loading increases,
which is consistent with the increase of crystallite size found by XRD and the formation of
V105 crystals. This phenomenon has already been observed in litterature [67].
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The evolution of the pore size distributions according to the vanadium loading is quite
interesting; pure TiO2 and samples with amount of vanadium below 10 % exhibit well defined
mesopores in the 2-11 nm range. As for the ProO case, TiV10-OH sample exhibits an
intermediate texture, showing a kind of bimodal distribution. Nevertheless, samples with
higher vanadium loading, present wider distributions reaching pores within the limit size
range of mesoporosity (i.e. 50 nm) at it is agreement to their isotherm shape. Pore volume also
drastically decreases, caused principally by the filling of pores with vanadates species.

As previously seen, the electrochemical performances of the TiO2-V20s mixed oxides
prepared by the NHSG ‘Pr20 route where somewhat disappointing. Therefore, these materials
that present globally similar physico-chemical characteristics were not further
electrochemically characterized.

3.3 Chapter Conclusion

In summary, this chapter proposed an original application for TiO> based mixed oxides
obtained by non-hydrolytic sol-gel chemistry. Inspired by the application of the well kown
NHSG methods, commonly used in the synthesis of oxides in the catalyst field, we have
revisited these synthesis methods by targeting materials with potential application as
electrodes in Li-ion batteries. Therefore, TiO> and TiO> based mixed oxides were prepared
following different NHSG routes.

The simplicity of the NHSG 'Pr,O route allowed the easy formation of TiO2-V.0Os mixed
oxides with vanadium loadings from 5 to 20 at%. These oxides were characterized in detail by
XRD, SEM and N, physisorption. NHSG Pr,O derived samples exhibit interesting
mesoporous hierarchical structure. The TiO» parts are composed by primary nanoparticles
with average sizes between 10-15 nm forming micronsized spherical agglomerates.

The only TiO; crystal phase observed at mid calcination temperatures (up to 500 °C) was the
anatase phase. Interestingly, xerogels already evidenced their crystal nature as they exhibit
reflections associated to this phase. Their crystallite size suggests that those particles are in
fact the crystal nuclei, formed during the synthesis and they grows during calcination. High
vanadium loading results in the formation of V>Os scherbinaite. Besides, the presence of
vanadium promotes the TiO» anatase to rutile transformation at lower temperatures (i.e. 650
°C) and particle growth. Thus, it leads as consequence, the detrimental of the porosity. The
V>0s crystals were also observed by electron microscopy, and the particle size was correlated
to the XRD calculated one.

Vanadium loading successfully improved the electronic conductivity in the case of TiO2-V20s5
samples. Surprinsingly this behavior was not transposed to the electrochemical cycling versus
lithium, evidencing only fairly good electrochemical performances. Mixed oxides samples
were also electrochemical cycled versus sodium and they exhibited interesting behavior.
Contrary to the lithium cycling, mixed oxides shows good improvement of the specific
capacity obtained during the sodium cycling. NHSG TiO; with a 5% vanadium loading
resulted to be the most promising material of the series with the highest capacities versus
sodium and good lithiation process. Vanadium, in this sample, is mostly like a doping agent
that improves the conductivity without sacrifying the porosity of the material and does not
introduce other crystal phases detrimental for the electrochemical performances.

Interestingly, the 350 °C heat-treated TiO> coming from the NHSG Pr,O route exhibit good
long term electrochemical stability and higher specific capacities than its 500 °C calcinated
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counterpart. Both samples, and additionally another ether derived TiO» (i.e. THF employed as
oxygen donor), were subjected to a series of gradually wider potential windows evidencing
good stability. The samples heat-treated at 350 °C show irreversible electrochemical activities
during the first lithiation process aside the characteristical TiO2 behavior. Further analyses
need to be performed to clarify the nature of this phenomena.

TiO> and TiO»-V20s mixed oxides were also synthesized using 'PrOH and ‘BuOH as oxygen
donors for the NHSG alcohol routes. Samples with higher vanadium content evidence traces
of V20s scherbinaite like those prepared using the 'Pr,O ether route. Besides, alcohol derived
samples possess a similar hierarchical structure. The differences between samples of different
routes are observed only for the highest vanadium loading. The V2Os crystals were
heterogeneously dispersed in the 'PrOH samples while V205 were more homogenously
dispersed in 'Pr,O mixed oxides. This behavior was associated to the use of CH>Cl, as solvent
during the synthesis and the inevitable release of HCI in the alcohol route. Vanadium content
also affects the porosity of the mixed oxides, the specific surface area of mixed oxides
decreased with the increase of vanadium content. This behavior was observed for both, Pr,O
and 'PrOH, routes.
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Always targeting the anode materials for Li-ion batteries as final application and benefiting of
the already implemented NHSG route to prepare TiO2, it was decided to explore the use of
carbon as electronic conductivity enhancer instead of the doping approach described in the
previous chapter. Accordingly, materials prepared in this section underwent a heat treatment
under Ar atmosphere in order to promote the formation of carbonaceous materials using the
organic byproducts obtained during the synthesis step as carbon precursors.

It has been settled in chapter 1-Bibliography the common use of carbonaceous materials,
either coatings or hybrids composites, as conductivity enhancers for electrode applications in
the battery field. It also describes the reactions (particularly condensations) involved in NHSG
chemistry. They set up the different byproducts that can be obtained during the synthesis step
apart from the aimed oxides (i.e. TiO in this case). As the oxygen donors posses an organic
nature, the byproducts also do. They are partially removed by washing steps and totally taken
off after calcination. Nevertheless, they may be use as an intrinsic carbon source for the
formation of carbon composites instead of the addition of external carbon sources (the
common way nowadays).

Main discussion of this chapter is based on the formation of carbonaceous TiO2
nanocomposites following two NHSG ether routes (i.e. 'ProO and THF). Simultaneously,
calcinated samples were also prepared under the same synthesis conditions for comparison.
Major results are presented in the submitted article emphasizing the formation of the carbon
coating that is dependent on the oxygen donor and how it modifies the characteristics of the
synthetic TiO2 by a direct comparison with their calcinated TiO> counterparts. Besides,
discussion highlights the analysis of the electrochemical role played by this intrinsic carbon
against the invariable application of extrinsic carbon sources during the electrode preparation
and how it affect the overall electrochemical performances at low and at high current rates.

In the last section of the chapter, discussion centers on the formation of TiO/C
nanocomposites after the addition of a reducing agent into the xerogel (i.e. Fe metal
impregnation). The objective of this treatment was to improve the graphitization degree of the
carbon coating onto NHSG derived TiO> nanoparticles. A global overview of samples
prepared and discussed in this chapter is presented in Scheme 4.1

Oxygen

donors TiO,
(| THF No impregnation
TiO,/C

FeCl; impregnation

Non-Hydrolytic
Sol-Gel
(NHSG)

Ether
route

Tio,

|| 'Pr,0

Heat treatment:|Pyrolysis|or Calcination

Scheme 4.1 Global overview of samples prepared in chapter 4: TiO2/C nanocomposites.
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Abstract

Mesoporous carbon-coated TiO> nanocomposites were synthesized using an original, solvent-
free NHSG route, based on the reaction of simple ethers (diisopropyl ether or tetrahydrofuran)
with titanium tetrachloride at 180 °C. In this method, the ethers were used not only as oxygen
donors but also as carbon sources. After pyrolysis at 750 °C, mesoporous TiOz/carbon
nanocomposites built of anatase nanocrystals coated by an amorphous carbon film were
obtained. The nanocomposites and their TiO> counterparts (obtained by calcination) were
characterized by XRD, Raman spectroscopy, °C solid state NMR spectroscopy, and electron
microscopy. The carbon content can be easily controlled by the reaction temperature. The
nature of the ether impacted the carbon content and the carbon coating thickness, as well as
the texture of the nanocomposite and TiO> crystallite size. To further characterize the carbon
coatings, the electrochemical behavior of TiO»/C nanocomposites and their TiO> counterparts
towards lithium insertion-deinsertion was investigated in half-cells. The influence of the
carbon coating on the electrochemical performance was evidenced and compared to that of a
conventional carbon-black additive. This simple NHSG approach should provide a general
method to synthesize a wide range of carbon-metal oxide nanocomposites.

Keywords

Non-hydrolytic sol-gel; TiO2-C nanocomposites; Anatase; Mesoporous materials; Carbon
coating ; Li-ion batteries

Introduction

Mesoporous oxides and mixed oxides are of paramount importance in the areas of
heterogeneous catalysis, separation, adsorption, or energy.! The sol-gel process is the most
common method used to synthesize mesoporous oxides, as this low temperature process
offers the possibility to obtain metastable phases, with control over composition,
homogeneity, and texture. The conventional, hydrolytic methods naturally predominate.* 3
However, over the last 25 years, several alternative nonhydrolytic sol-gel (NHSG) routes
have been developed®®. In particular, the NHSG route based on the reaction of chloride
precursors with an ether (e.g. diisopropyl ether) has proven highly successful for the synthesis
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of mesoporous oxides and mixed oxides with well-controlled compositions and non-ordered
mesoporous textures, avoiding the use of supercritical drying or templates.'® !

Owing to its outstanding electronic and optical properties, high chemical stability and low
cost, mesoporous titanium dioxide has been the focus of intense research'? for applications
such as photovoltaic conversion'* !4, sensing'®, or lithium batteries'® !”. However, pure TiO>
struggles with fulfilling all the needs of those emerging applications, because of its low
electronic conductivity (102 < Ec < 107 s ecm™ '®), low ion diffusion coefficient (107'* < D¢ <
10 cm? s 1922) and fast electron-hole recombination. Accordingly, a wide variety of TiO»-
based nanocomposites has been developed to make titanium dioxide more competitive®*. In
particular, TiOz-carbon composite nanomaterials have been elaborated to improve
performances for instance in photovoltaic conversion, photocatalyis, or lithium batteries.>*23
In lithium batteries, TiO2 is considered a promising substitute to replace graphite anodes for
high-power Li-ion batteries, but its electronic conductivity is too low. Accordingly, the
coating of TiO2 onto highly conductive carbons has been favored. With the emergence of
nanocarbons, the coating of TiO» layers onto carbon nanotubes®’ and graphene-based®® 3!
materials has been widely investigated. The other way around, the coating of carbonaceous
layers onto TiO» particles has been also largely studied and proved more advantageous
effects’?. Such carbon coatings should be homogenous and thin in order to allow Li ion
diffusion through the carbon layer. It was demonstrated that the homogeneity of the carbon
coating rather than the carbon:TiO; ratio plays a key role in tuning electrochemical
performances®® 3 3%, Two-step approaches involving the synthesis of TiO, nanomaterials by
hydrolytic sol-gel routes and their subsequent coating using various carbon precursors has
been widely developed 3> 3. A large variety of carbon precursors has been reported such as
sucrose®’”> 38, glucose®**!, poly(vinyl pyrrolidone)**, dopamine®, pyrrole**, and ethylene®. In
these multi-step strategies, controlling the homogeneity of the carbon coating is not
straightforward; in addition, besides carbon precursors, co-polymers or surfactants are usually
necessary to generate mesoporous or nanostructured materials, involving extra costs.

Very few groups proposed to use NHSG routes to prepare carbon-coated TiO>. Recently,
Tahir et al’® reported on the synthesis of carbon-coated TiO» nanoparticles via an alcohol
NHSG route. Besides TiCls (precursor), benzylalcohol (oxygen-donor) and DMF (solvent), a
block copolymer was used as a carbon precursor. The presence in the copolymer of
hydroxamic acid groups able to coordinate titanium cations and of graphitizable
polyacrylonitrile blocks led after pyrolysis at 650 °C to small TiO> nanoparticles covered with
a uniform and homogeneous carbon coating. The nanocomposites were tested as anode
materials for sodium-ion batteries. These studies revealed a beneficial impact on the
electrochemical performance of both the small particle size and the carbon coating, but
acetylene black was added during electrode formulation, making the contribution of the
carbon coating hard to evaluate.>* Recently we showed that mesoporous nanocrystalline TiO»
with good performances in lithium insertion could be prepared by NHSG from TiCls and
Pr,0 at 110 °C.*

Drawing our inspiration from those recent works, we developed an original way to obtain
mesoporous carbon-coated TiO> (TiO2/C) through a solvent-free NHSG route. In this simple
approach, we used a conventional ether (IPE, THF) not only as oxygen donor but also as sole
carbon source. After pyrolysis at 750 °C, mesoporous TiO»/carbon nanocomposites built of
anatase nanocrystals coated by an amorphous carbon film were obtained. The carbon content
and carbon coating thickness could be controlled by playing on the nature of the ether and the
reaction temperature. Both nanocomposites and the corresponding oxides (obtained by
calcination in air of the xerogels) were thoroughly characterized by X-ray diffraction, Raman
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and infrared spectroscopies, '>C solid state nuclear magnetic resonance, Na-physisorption and
scanning and transmission electron microscopy. The electrochemical behavior and
performance of TiO»/C nanocomposites toward lithium (de-)insertion were investigated
through galvanostatic cycling in half coin cells. The effect of texture, carbon coating and
carbon-black additive was investigated. This simple NHSG approach provides a general way
to mesoporous carbon-metal oxide nanocomposites that could be of great interest for catalysis
and photocatalysis.

Experimental section
Samples synthesis

Ti10,/C nanocomposites were synthesized by reaction of TiCls with an ether (2 equivalents).
To avoid water, all manipulations were done in a glovebox under argon atmosphere (<10 ppm
of water and O2). Titanium (IV) chloride, (Sigma-Aldrich 99%) was used as received;
diisopropyl ether, IPE, (TCI chemicals 99.9 %) was dried by distillation over sodium;
tetrahydrofuran (THF, Fisher Scientific 99.8 %) was dried over a PureSolve MDS5 solvent
purification system from Innovative Technology. The amount of water in the ethers was
controlled with a Karl Fischer coulometer before reaction (H2O < 10 ppm for IPE and H>O <
5 ppm for THF). TiCls (12.52 mmol) then the ether (25.04 mmol) were added in a stainless
steel digestion vessel (23 mL) with PTFE lining. The sealed digestion vessel was heated in an
oven at 180 °C (unless mentioned otherwise) for 4 days under autogenous pressure. The gels
were dried under vacuum at 120 °C for 5 hours, then the resulting xerogels were pyrolyzed
under argon atmosphere (50 mL/min) at 750 °C for 4 hours (heating rate 10 °C min™) to
obtain the TiO»/C nanocomposites.

For comparison, the corresponding TiO» samples were obtained by calcination in air (50 mL
min') of the xerogels at 500 °C for 5 hours (heating rate 10 °C min™).

The samples were labeled according to their composition (TiO2 or TiO»/C) and to the ether
used (IPE or THF). For instance, the nanocomposite obtained using THF as an O-donor and C
source is labeled TiO2/C-THF, and the corresponding oxide is labeled TiO>-THF.

Characterization

X-Ray diffraction (XRD) patterns were obtained using a PANalytical X’Pert Pro MPD
diffractometer, with the Ka radiation of Cu (1=1.5418 A) and a step size of 0.033° (20 scale)
into the 6-90° interval. Crystallite size was estimated using the Scherrer equation from the
most intense reflection (25.28 © 26). Scanning electron microscopy images were acquired with
a Hitachi S-4800 electron microscope. Transmission electron microscopy images were
acquired with a high voltage 200 kV JEOL JEM ARM 200F transmission electron microscope
equipped with a STEM level and a spherical aberration corrector; STEM images were taken
with high angle annular dark field (HAADF). EDX analyses were acquired with a JEOL
CENTURIO detector and electron energy loss analyses were detected with a GATAN GIF
QUANTUM. Nz-physisorption experiments were carried out at -196 °C on a Micromeritics
TriStar 3000. Samples were out-gassed under vacuum at 110 °C overnight. Equivalent BET
specific surface areas were determined in the relative pressure range P/Po from 0.08 to 0.25.
The total pore volume was measured at P/Po>0.985. Thermogravimetric analyses (TGA) were
performed on a Netzsch Simultaneous Thermal Analyzer STA 409 PC Luxx with a heating
rate of 10 °C min™! in the 20-1200 °C range, under a dry air atmosphere (50 mL min™).
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Raman spectra were obtained on a Horiba Jobin Yvon LabRAM ARAMIS microspectrometer
excited by a HeNe laser (\=633 nm). Spectra were recorded in the range of 50 to 2000 cm!
and then normalized. Solid-state '*C NMR spectra were recorded with a VARIAN VNMRS
300 at 75.44 MHz, using a T3 NMR probe with 3.2 mm ZrO> rotors. Experiments were
performed using cross polarization and magic angle spinning (CP-MAS) with a spinning
frequency of 15 kHz, a contact time of 1.5 ms and a 5 s recycle delay. Polymer insets were
removed from the rotor and short caps were used instead to minimize the '*C background.
Xerogels were not washed before analyses.

Electrochemical characterization

In order to evaluate their electrochemical performance as negative electrodes in lithium
batteries, films containing TiO2/C or TiO; samples were prepared adding polyvynilidene
fluoride (PVDF, Solef® 5130, Solvay) as a binder and eventually carbon black (NY50A from
SN2A). The amount of PVDF in the films was kept constant for all samples (6 wt%). A
summary of films composition can be found in Table 1.

Table 1. Nominal active material, carbon black, and PVDF content of the electrode films, and TiO: and intrinsic C
content calculated from the films composition and from the pyrolytic C content of the TiO2/C nanocomposites (6.6
wt% C for TiO2/C-IPE and 18.9 wt% C TiO2/C-THF).

Actlv.e Carbon PVDF TiO2 Intrinsic C
Electrode material black Wt%) | (Wt%) (Wt%)
Wt%) | (wt%) ? ? ’
TiO:-IPE-0CB 94.0 0 6.0 94.0 0
TiO>-THF-0CB 94.0 0 6.0 94.0 0
TiO:-IPE-18CB 76.0 18.0 6.0 76.0 0
TiO2-THF-18CB 76.0 18.0 6.0 76.0 0
TiO2/C-IPE-0CB 94.0 0 6.0 87.8 6.2
TiO2/C-IPE-12CB 82.0 12.0 6.0 76.6 5.4
TiO2/C-THF-0CB 94.0 0 6.0 76.2 17.8

Galvanostatic electrochemical characterizations were performed at room temperature on a
BTS3000 (5V, 1mA) instrument from Neware Battery using CR2032-type coin cells.
Electrodes were composed of the active material, carbon black (unless otherwise indicated)
and polyvinylidene difluoride. After stirring in N-methyl-2-pyrrolidone, the slurry was tape
casted uniformly at 150 um onto a copper current collector using a 3540 bird film applicator
from Elcometer. Electrodes (diameter 12.7 mm) were cut with a disk cutter then dried under
vacuum at 80 °C overnight. Coin cells were assembled in a glove box under Ar atmosphere
(02<0.5 ppm, H20<0.5 ppm), using lithium metal both as reference and as counter-electrode.
The electrolyte was 1 M LiPFs in propylene carbonate, ethylene carbonate, and dimethyl
carbonate (PC:EC:3DMC, 1:1:3 vol.) with 5% fluoroethylene carbonate and 1% vinylene
carbonate as additives. Whatman glass fiber filters were used as the separator. The
electrochemical galvanostatic measurements were done in the voltage range of 2.5-1.2 V vs.
Li*/Li at different current densities: 16.8, 168, 336 mA-g'. The latter densities have been
selected as corresponding to specific capacities of C/20, C/2 and C, respectively (where
C=335.6 mA-g!) for pure titanium dioxide. The specific capacities presented hereafter have
been calculated based on the TiO> content of the electrodes.
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Results and discussion

Herein, we propose a very simple and original NHSG route to synthesize mesoporous carbon-
coated nanocrystalline TiOz. This route is based on the reaction of TiCls with 2 equivalents of
a simple ether, either diisopropyl ether (IPE) or THF tetrahydrofuran (Scheme 1), followed by
a pyrolysis treatment under an inert atmosphere to convert the residual organics into carbon. It
is important to note that the synthesis was carried out without any solvent, surfactant, or other
additive. The ether is thus the sole oxygen and carbon source.

Choice of reaction temperature and pyrolysis temperature

NHSG syntheses of TiO; are generally performed at 110 °C under autogenous pressure.
Under these conditions, the major organic by-products detected are isopropyl chloride in the
case of IPE and 1,4-dichlorobutane in the case of THF,*” * as depicted in Scheme 1. These
products are volatile, and the carbon content in the TiO2/C nanocomposites after pyrolysis is
quite low (3 wt%).

MK oo ST HsC
H3C CH3 H3C
o) T Hy Hy
RN . C...C_.CI
TiCl, + 2 HoC CH, —> TiO,+ 2 (] (|_;| (|_;|
2 2

Hzc — CH2
Scheme 1. Ideal reaction scheme for the NHSG synthesis of TiO2 from IPE and THF.

Preliminary experiments indicated that the final C content in TiO2/C nanocomposites could be
increased by increasing the reaction temperature (Table 2). A higher reaction temperature
obviously favors secondary reactions such as elimination of HCl and polymerization of the
resulting alkenes, leading to less volatile by-products. Interestingly, the carbon content is
higher with THF than with IPE, although THF contains only 4 carbon atoms, compared to 6 C
atoms for IPE. This can be explained by the fact that dehydrochlorination of 1,4-
dichlorobutane would lead to 1,3-butadiene, which can form highly crosslinked polymers. In
the following sections, all the samples were prepared by reaction at 180 °C.

Table 2. Carbon content for TiO2/C composites prepared by reaction at different temperature, then pyrolyzed at 750
°C under argon. The C content was determined by TGA from the weight loss between 300 and 1000 °C (Figure SI1).

T reaction | C content
Sample Oxygen donor oC Wt%
110 33
) 150 6.6
TiO,/C-IPE IPE 130 6.6
260 15.2
110 3.4
. 150 13.7
TiO,/C-THF THF 130 139
260 21.5
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The pyrolysis temperature is an important parameter, which directly impacts the nature of the
carbon formed, the texture of the material, and the crystallinity of the TiO2 phase. To find the
optimal pyrolysis temperature, xerogels prepared from IPE and THF at 180 °C were
pyrolyzed at 3 different temperatures (750, 800, and 900 °C), then analyzed by X-ray
diffraction and nitrogen physisorption.

X-ray diffraction showed the formation of a nearly pure anatase phase for pyrolysis
temperatures of 750 °C or 800 °C, whereas a significant amount of rutile was detected in the
samples pyrolyzed at 900 °C (Figure SI2). Nitrogen physisorption showed a significant
decrease of the specific surface area between 750 °C and 800 °C (Table SI1). Accordingly,
we chose a pyrolysis temperature of 750 °C, ensuring the formation of virtually pure anatase
phase and a satisfactory mesoporous texture.

Structural and textural characterization of TiO»/C composites and the corresponding TiO:

The nitrogen adsorption-desorption isotherms of TiO2/C and TiO2 samples (Figure 1a) and the
associated textural data (Table 3) showed that the four samples were mesoporous. According
to the IUPAC classification®, the isotherms are intermediate between Type II (interparticle
porosity) and type IV (mesoporous solids). BJH pore size distributions (Figure 1b) show the
presence in all cases of mesopores in the 3 to 11 nm range. The sharp component at ca. 3-4
nm is an artefact related to the unstability of the meniscus at P/Po lower than 0.42,°° and
simply shows the presence of small mesopores (<4 nm). The TiO2/C samples have a
significantly higher specific surface areas than their TiO2 counterparts, which could be
attributed to the presence of pores within the carbonaceous phase.

Table 3. Textural data and TiO: crystallite size for the composite and oxide samples; *specific surface
area, "total pore volume; ‘BJH average pore diameter calculated from the desorption branch; “crystallite
size determined by the Scherrer equation.

Sample Sget" vp® Dp¢ | TiO; crystallite size!
(m’gh) | (cm’gh) | (nm) (nm)
TiO,/C-IPE 70 0.18 9.3 20
TiO,-1PE 50 0.17 9.3 16
TiO,/C-THF 75 0.21 10.2 13
TiO,-THF 63 0.23 10.3 14

The powder X-ray diffraction (XRD) patterns of the xerogels, TiO2/C composites obtained by
pyrolysis at 750 °C, and TiO> samples obtained by calcination at 500 °C in air are shown in
Figure 2. All of the patterns present a single crystalline phase — i.e. anatase TiO2 (JCPDS 00-
21-1272) — except in the case of TiO2/C-IPE where a very weak reflection associated with the
rutile phase (JCPDS 00-021-1276) is detected in addition to the anatase phase. XRD
reflections for the xerogels are less intense and broader than for the composite or the oxide
samples, indicating the presence of smaller or possibly less organized anatase crystallites. The
anatase crystallite size in the TiO2/C and TiO2 samples, estimated from the main reflection
using the Scherrer equation, are close, ranging from 13 to 20 nm (Table 3). The anatase
crystallites are slightly larger in the materials derived from IPE than in those derived from
THF.
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Figure 1. (a) N2 physisorption isotherms of TiO2 and TiO2/C samples (filled and open symbols refer to adsorption and
desorption, respectively); (b) BJH pore size distributiosn (desorption branch).
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Figure 2. Powder X-ray diffraction patterns of TiO: and TiO2/C samples. Additionally to typical TiO: reflections;
XRD patterns show the presence of two weak reflections around 45 ° 20. Both of them have been correlated to the
PTFE of the support used during analysis.
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Although the TiO2/C-IPE and TiO2/C-THF nanocomposites contain 6.6 and 18.9 wt% of
carbonaceous phase, respectively, no reflection related to graphitic carbon (JCPDS 01-075-
2078) was detected, suggesting that the carbon phase is largely amorphous.

The Raman spectra of TiO, and TiO»/C samples in the 100 to 800 cm™ range (Figure SI3)
confirmed the presence of anatase as shown by the intense peak at ca. 144 cm™, while no
band related to the rutile phase was detected®" 2. It is important to mention that the Raman
active vibrations related to anatase TiO» are much less intense in TiO2/C samples, as shown
by the lower signal to noise ratio. This observation suggests the presence of carbon
surrounding the TiO» particles. In order to verify this assumption, the Raman spectrum of
TiO2/C-THF was compared with the spectrum of a physical mixture of TiO>-THF (82 wt%)
and carbon black (18 wt%) (sample labeled TiO>—THF+CB in Figure SI14). This mixture was
milled until a homogenous powder was obtained. As shown in Figure SI4, the anatase
vibration modes were clearly observed in the spectrum of the physical mixture, while for the
TiO2/C-THF sample these bands were much weaker, which supports the formation of a
carbon coating around the TiO2 nanoparticles.

Raman spectroscopy is also a valuable technique to investigate carbonaceous materials,
especially graphitic carbons. The Raman spectra in the graphitic region (900-2000 cm™) of
Ti10,/C nanocomposites is displayed in Figure 3. For comparison, the spectrum of a carbon
black sample (the acetylene black used in electrodes preparation) is also shown. Both carbon
black and TiO2/C samples displayed G and D bands, characteristic of graphitic and partially
graphitic carbons, respectively. While the G band is usually centered at ca. 1580 cm™!, the
disorder-induced band (D band) appears at around 1350 cm™'. The former is related to the
presence of impurities or defects into the graphitic crystal framework>*. Nevertheless, the
quantification of the crystallinity of graphitic carbons by Raman spectroscopy is difficult. The
intensity ratio Ip/Ig can give precious information on the graphitized crystallite coherence
length using the Knight formula.>> However, in our case, G band is centered at 1597 cm!
(instead of 1580 cm™! as expected for graphitic carbons) while the D band is very broad with a
noticeable shoulder at around 1200 cm™. Thus, the Knight formula is hardly applicable. Such
feature was also observed by Sadezky et al’® when studying soot and amorphous
carbonaceous materials. Previous reports demonstrated that the D band could be decomposed
into four components®*-%: D1, D2, D3 and D4 which appear at 1350; 1620; 1500 and 1200
cm™ respectively. D3 corresponds to amorphous carbon while the three other bands are
related to disordered graphitic layers (Aig and Eze- symmetry). The presence of these four
bands could explain the shift and the shape of both D and G bands in TiO2/C samples in
comparison with theoretical values.’” ® These results are in good agreement with XRD
patterns and support the amorphous character of the carbon phase in TiO2/C nanocomposites.

The nature of the carbon species in the xerogels and in the TiO2/C samples was further
investigated using '°C solid state NMR (Figure 4). The spectra of the two xerogels were
similar, and showed the presence of both sp’ (0-40 ppm) and sp’ (110-140 ppm) carbon
atoms. The signal corresponding to the sp® carbons suggests the formation of a cross-linked
polyolefin network, with no evidence for aliphatic C-OH or C-O-C groups (55-75 ppm).%!
The sp” signal shows the presence of significant amounts of vinylic or aromatic carbons. At
least in the case of IPE, this suggests the occurrence of significant dehydrogenation during the
synthesis of the gel. The spectra of the two TiO»/C samples are also quite similar, showing
very broad resonances indicating the presence of both sp® (0-90 ppm) and sp? (90-150 ppm)
carbon atoms. For comparison, carbon black mainly shows resonances at 10 and 170 ppm.*?
The large sp’ contribution in our sample is consistent with the Raman results pointing to the
formation of an amorphous carbon phase.
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Figure 3. Raman spectra of TiO2/C samples (graphite region).
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Figure 4. Solid-state '*C CP-MAS NMR spectra of dried xerogels and TiO2/C nanocomposites. Spectra were
normalized. The background signal was removed by subtracting the spectrum obtained without the sample.

Typical scanning electron micrographs of TiO> and TiO»/C samples are given in Figure 5. In
all cases, the samples are composed of primary nanoparticles, ca. 15 to 25 nm for IPE-derived
samples, 10 to 15 nm for THF-derived samples. These particle size are in good agreement
with the crystallite size derived from XRD (Table 3), indicating that the particles are
monocrystalline. The packing of these dense primary particles accounts for the mesoporosity
of TiOz and TiO2/C samples. In addition, the samples derived from IPE show an interesting
hierarchical texture, the primary particles forming micron-sized spherical secondary particles
(Figure 5 a-b), as previously reported for IPE-derived TiO2.%¢ Such texture was not observed
for the THF-derived samples, in which primary nanoparticles simply form large agglomerates.
It is noteworthy that the morphology depends on the oxygen donor (IPE or THF) but not on
the heat treatment (calcination or pyrolysis), again suggesting that the carbon phase forms a
coating around the anatase nanocrystals.
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Figure 5. Scanning electron micrographs of TiO:-IPE (a,b), TiO2-THF (c,d), TiO2/C-IPE (e,f), TiO2/C-THF (g,h) at
different magnifications.

Transmission electron microscopy of the TiO»/C nanocomposites (Figure 6) allow
distinguishing the crystalline TiO> nanoparticles from the amorphous carbon phase, which
forms a coating around TiO> nanocrystals. The crystal planes of anatase TiO; particles can be
clearly observed, while the carbon coating appears in light gray on the HAADF images, as
shown by EDX analyses (in supporting information, Figures SIS and SI6), support this
statement. The particle size (average over 100 particles) obtained by analysis of TEM
micrographs was 16.2 £ 5.7 nm for TiO2/C-IPE and 12.5 + 3.3 nm for TiO2/C-THF,
confirming the smaller size of THF-derived anatase particles. The thickness of the coatings
(average over 50 different areas) was 1.5 £ 0.9 nm for TiO2/C-IPE and 3 + 1.5 nm forTiO,/C-
THEF. The thicker coating in TiO2/C-THF is consistent with the higher C content in this
sample.

Figure 6. Transmission electron micrographs and HAADF images of TiO2/C-IPE (a,b) and TiO2/C-THF (c,d) samples.

93



T102/C Nanocomposites

Electrochemical characterization

Thus far, we demonstrated that NHSG provided a simple and original method to synthesize
carbon-coated TiO2 nanocrystals. One potential application of TiO2/C nanocomposites is their
use as negative electrodes in lithium batteries. In order to evaluate their electrochemical
performance for this application, the electrochemical performances of both TiO2 and TiO2/C
composites were investigated.
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Figure 7. Cycling performance at different C rates (C=335.6 mAh-g'') of (a) electrodes prepared with IPE-based
samples and (b) electrodes prepared with THF-based samples. Voltage window of 1.2-2.5 V versus Li*/Li. Filled and
open symbols refer to reduction (discharge) and oxidation (charge) respectively. The intrinsic and/or extrinsic carbon
content of the electrodes is given in Table 1.

The cyclability of all electrodes is presented in Figure 7. Columbic efficiency and initial (1
cycle) galvanostatic charge/discharge profiles are presented in Figures SI7 and SI8. It is
important to keep in mind that all seven electrodes did not contain the same amount of active
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material (TiO2), and that the specific capacities were calculated based on the TiO> present in
electrodes.

Galvanostatic profiles (Figure SI8) evidence the characteristics of anatase TiO; cycled versus
lithium. All electrodes present a constant plateau at a potential of ca. 1.7 V vs. Li'/Li,
characteristic of a two-phase reaction between the tetragonal solid solution compound (i.e.
LixTiO2; x<0.5 formed during the drop of potential from the open circuit) and the
orthorhombic lithium titanate (Lio.sTiO2). Then, the formation of LiTiO> phase is evidenced
by to the presence of a pseudoplateau at ca. 1.5 V vs. Li*/Li, corresponding also to a two-step
reaction.%3-63

As expected, TiO2-IPE-0CB and TiO>-THF-0CB “white electrodes” which contain no carbon
(neither carbon black nor intrinsic carbon) exhibited low capacity even at low current
densities (e.g. 16.8 mA g!, C/20). After 10 cycles at 16.8 mA g'! these electrodes displayed
specific capacities below 100 mAh g (Figure 7) and columbic efficiencies below 95%
(Figure SI7).

Ti02/C-IPE-0CB and TiO,/C-THF-0CB electrodes prepared with the TiO>-C nanocomposites
but without carbon black exhibited significantly better specific capacities of 150 and 137 mAh
gl after 10 cycles at C/20, respectively, showing that the C coating was beneficial. However,
while columbic efficiency was significantly improved from TiO>-THF-0CB to TiO»/C-THF-
0CB (91.6% to 96.8% for cycle 10), no improvement was observed for IPE-derived electrodes
(94.3% for both). This feature is most probably related to the presence of a higher amount of
intrinsic carbon into TiO2/C-THF-0CB (18 wt%) as compared to TiO2/C-IPE-0CB (6 wt%).
This trend was further confirmed at higher current density (336 mA g’!, cycles 21-50). While
both “white electrodes” and TiO2/C-IPE-0CB showed negligible specific capacities below 15
mAh g, TiO,/C-THF-0CB displayed a reasonable specific capacity of 65 mAh g at cycle
50, with an efficiency above 99.7% from cycle 25 to 50 (Figure SI7). At this stage, the
presence of intrinsic carbon clearly improves the electrochemical performances of the
electrodes. Moreover, a higher amount of intrinsic carbon significantly increases the cycling
performances at high current densities.

To provide further insights into the role and efficiency of the intrinsic carbon, electrodes with
a total carbon content of ca. 18 wt% were prepared by adding carbon black. Thus, the TiO2/C-
THF-0CB electrode (18 wt% of intrinsic carbon) was compared with TiO>-THF-18CB and
Ti02-IPE-18CB (18wt% of carbon black), as well as with TiO2/C-IPE-12CB (6 wt% of
intrinsic carbon and 12 wt% of carbon black). These four electrodes displayed similar
columbic efficiency profiles with an efficiency of ca. 97% after 10 cycles at a current density
of 16.8 mA g! and above 99% after only three cycles at 336 mA g! (Figure S17). This feature
proves the excellent capacity reversibility of those materials. These four electrodes exhibit the
same moderate capacity fade, losing around 30 mA g'!' between the 2" and the 10" cycle, and
around 100 mA g between the 2" and the 50" cycle (Figure 7). This behavior clearly
evidences the importance of carbon in electrode formulation, either intrinsic carbon or carbon
black. However, regarding specific capacities, significant differences can be observed. For a
given oxygen donor and a 18 wt% total carbon amount, electrodes that contain a higher
carbon black content display higher specific capacity (Figure 7). This feature shows that as far
as electrochemical performances are concerned, carbon black is more effective than intrinsic
carbon. Several hypotheses can be suggested to explain this situation. First, the intrinsic
carbon formed at 750 °C is amorphous, whereas the carbon black presents a more graphitic
nature; accordingly, both electronic conductivity and lithium diffusion should be more
favorable for the carbon black additive than for the intrinsic carbon. Secondly, the intrinsic
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carbon forms a homogeneous coating around the anatase nanocrystals, which could hinder
lithium ion diffusion toward the TiO, thus limiting specific capacity. On the contrary, the
carbon black particles, simply bridge the TiO> nanocrystals, allowing for improved electronic
conductivity while preserving the accessibility of TiO> to lithium ions.

Recent studies on carbon-coated TiO: electrodes reported in the literature showed clear
improvement of the electrochemical performances of for lithium-ion and sodium-ion
batteries.?® 40 44 6671 1t j5 noteworthy that those studies always used carbon black additive in
electrode formulation. Moreover, the total carbon amount was not kept constant, making
comparisons between coating and additive carbons difficult. Recently, Tahir ef al. ** proposed
a comparison at constant carbon content in electrodes for sodium-ion batteries. However, as
lithium-ion and sodium-ion batteries are two different devices and involve different
mechanisms, we cannot properly compare our results with this study.

Apart from carbon coating, it is noteworthy that IPE-derived TiO» displays a better
electrochemical behavior than THF-derived TiO: (at constant carbon content). This feature is
particularly noticeable for TiO>-THF-18CB and TiO>-IPE-18CB electrodes, which showed a
specific capacity in the 50" cycle of 110 mA g and 160 mA g, respectively (Figure 7),
whereas the particle size in TiO2-THF is smaller than in TiO2-IPE. Accordingly, this behavior
could be ascribed the hierarchical texture of the TiO-IPE sample, which could facilitate
accessibility of lithium ions to the surface of anatase nanocrystals.

Conclusion

In conclusion, mesoporous carbon-coated TiO> nanocomposites were successfully synthesized
using an original, solvent-free NHSG route. We proposed to use simple ethers in a
stoichiometric amount not only as oxygen donors but also as carbon sources. After pyrolysis
at 750 °C, mesoporous TiO»/carbon nanocomposites built of anatase nanocrystals coated by
an amorphous carbon film were obtained, as shown by XRD, Raman and '3C CPMAS-NMR
spectroscopies, and electron microscopy. The carbon content can be controlled by playing on
the reaction temperature. The nature of the ether impacted the carbon content and the carbon
coating thickness, as well as the texture of the nanocomposite and TiO» crystallite size. To
further characterize the carbon coatings, the electrochemical behavior of TiO2/C
nanocomposites and their TiO> counterparts (obtained by calcination in air) toward lithium
insertion was investigated. The influence of the carbon coating on the electrochemical
performances was evidenced and compared to that of a conventional carbon-black additive.
This simple NHSG approach should provide a general method to synthesize mesoporous
metal oxide-carbon nanocomposites, and much remains to be done to explore different oxide
and mixed oxide-carbon systems, different oxygen/carbon donors, and to investigate the
potential applications of these nanocomposites.
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Figure SI2. Powder X-ray diffraction patters of TiO2/C nanocomposites pyrolyzed at different temperatures: IPE
derived samples (a) and THF derived ones (b).

Table SI1. Textural data for TiO2/C composites prepared at 180 °C and pyrolyzed at 750 or 800 °C, *temperature of
pyrolysis, Pspecific surface area, ‘total pore volume.

Sample Tpr* (°CC) | Sper® (m*g") |V, (em’® g?)
. 750 70 0.18
. 750 75 0.21

99



T102/C Nanocomposites

S o B I Cm B M P S M E BB [ S e s JEt PN S [ o B /e R

Active Modes
® TiO, Anatase

. . 3 ®_ TiO,THF

TiO,-IPE

TiO,/C-THF|

Intensity (Arbitrary Units)

TiO,/C-IPE
PR REPURPUPU RSP SRUR TP U T S N

100 200 300 400 500 600 700 800

Wavenumber (cm™)

Figure SI3. Raman spectra of TiOz and TiO2/C composites in the 100-800 cm™ range.

T T —TT T Y T T . e
I I I I T I I

TiO,/C-THF

Intensity (Arbitrary Units)
s==,

TiO,-THF+CB
U SN W N SN ST SN NN TN TN TN NN UMY SN S NN T O SN SN ST TN T SN ST ST S Y S W

0 500 1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm™)

Figure SI4. Comparison of Raman spectra of TiO2/C-THF and of a mixture of TiO2-THF with carbon black. The
amount of carbon for each sample was 18 wt%.

(a) (b)

Counts

000 100 200 300 400 500 600 700 800 000 1000 000 100 200 300 400 500 600 700 800 000 1000

eV £V
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100



T102/C Nanocomposites

W

10.00

Figure SI6. EDX analysis over different areas of the TiO2/C-THF sample: (a) carbon coating; (b) TiO2 nanoparticle.

a ™ — (-] T N
( ) 100 N ‘“" A nvm"t .Au-nli“"glg;‘-ul‘ﬂm L J
=, u e 1 24 — TiO_4PE-OCB
F " | ¥ 1| /¥ 1 L 5
80 1] il dy 4 = —— Ti0,4PE-18CB
r |‘|H‘I | IJ 1 1_='. 22 - ——Ti0,/C-IPE-12CB
- :llu\. o h\d J - i ——TiO,/C-IPE-0CB 1
£ w0 o il ] g 20 i
> il [} - > - .
) ' ' ] 2
2 i : ] 5 8 T
T 40 | | ] = s 1
£ | i+ " TIOAPE-OCB c
w 1 1 2 1.6 -
i ! * TiOAPE-18CB A 5
r 1 | —4—Ti0,{C-IPE-12CB ] o i i
20 - 1 1 5 =1 1.4 - -1
[ : ! v TiO /C-PE-0CE
[ 168mAg"! 168mAg" | 336mAg’ 1 12 - .
0 T S SR T Y S TN TN [T YT T N T T N T T TN S TN T SN T [ S T T
0 10 20 30 40 50 0 100 200 300 400 500 600
Cycle number Specific Capacity (mAh g™)
b b)
()100— ad .-oo.&b.&.u‘-‘;..aca‘mm ( 2.6 L o e o e o e e L L i e o
."‘“ ‘f . .-.‘ ﬂ F [I“j"' L J
L & | | : __('“ 1 24 - —— Ti0,-THF-0CB
80 - |‘.‘ ! ! i ] = r ——TiO,-THF-15CB 1
J."‘ :" ‘ i J = 22F —— TiO,/C-THF-0CB
Z " i U 1 3 - 1
Laft 4 ) 1§ o ]
2 J | | ] 2 | ]
.g F 1| o 1 = 1.8 - -
g 4 i " i = TIOTHF-0CB | = i
o i o ¢ TiO,-THF-18CB & 186} -
[ : :1 —4—TiO /C-THF-0CB ] & 3 _
20 1 1 =
L i i ] 1.4 - -
L 1 ' J L d
l168mAg', 168mAg" | 336mAg’ ] i3
0 1 1 1 1 - [~ =
0 10 20 30 40 50 e o L L L L

0 100 200 300 400 500 600
Cycle number
Specific Capacity (mAh g7)
Figure SI7. Columbic efficiency of electrodes cycled at . . .
different C rates (C=335.6 mAh g) for a voltage window Figure SI8. Initial (first cycle) charge/discharge profiles
of 1.2-2.5 V versus Li*/Li; (a) electrodes prepared with at a current rate of 16.8 mA g’ (€720) of IPE (a) and
IPE-based samples and (b) electrodes prepared with THF- THF (b) based electrodes versus Li.
based samples. It is worth reminding that electrodes
contain different carbon amounts (i.e. intrinsic and/or

extrinsic carbon; Table 1).
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4.1.2 Electrochemical performances at higher current densities (above C)
Aside from the electrochemical evaluation described above, THF derived TiO» and TiO./C
nanocomposite were tested at higher current rates to determine their stability for faster energy
demanding applications. Electrochemical stability versus lithum is presented in Figure 4.1a.
An activation cycle (cycle 0) at C/20 was recorded in order to have a slow initial
lithiation/delithiation process before increasing the current rate. This cycle serves to observe
the secondary and irreversible processes, commonly present in TiO> samples, that are at the
origin of the initial capacity fade between the first and second cycles. This cycle also served
to perform PEIS mesurements at 1.8 and 1.2 V versus Li'/Li. These potentials were selected
because they correspond at the potential just before the emergence of the constant plateau,
characteristic of TiO, lithiation process and at the end of the first lithiation process. As a
reminder, the constant plateau is associated to the two phase reaction between the solid
solution compound Li,TiO> (x<0.5) and the orthorhombic lithium titanate Lio.sTi10>. Complex
impedance plots are presented in Figure 4.2, discussed later.
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Figure 4.1 Cycling performances of THF derived TiO: at different C rates (C; 2C and 5C; C=335.6 mA-g™) for a
voltage window of 1.2-2.5 V versus Li*/Li (filled and open symbols refer to reduction —discharge— and oxidation —
charge—, respectively) (a); galvanostatic charge/discharge profiles after varying the C rate at a current rate of 336
mA-gl, ie. cycle 1 (b) and at a current rate of 672 mA-g’, i.e. cycle 51 (c).
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Galvanostatic cycling presented in Figure 4.1a evidences the stability of both samples after 50
charge/discharge cycles at 336, 672 and 1680 mAh-g"' corresponding to C, 2C and 5C
respectively (C=335.6 mA-g™!). One may also observe that specific capacity does not decay
after the 2C cycling as shown in the grey section between 2C and 5C. This small section
correspond to 5 cycles at a current rate equal to C and the specific capacity obtained for these
cycles reaches the same values as those obtained during the initial C cycling (93 and 63
mAh-g! for TiO>-THF-18CB and TiO»/C-THF-0CB respectively).

Samples display similar performances, as those described above (section 4.1.1), at a current
rate of 336 mA-g!. TiO; containing extrinsic carbon continues to exhibit higher capacities
that their TiO2/C nanocomposite counterpart; however, instrinsic carbon improves the cycling
stability of TiO,. In fact, capacity falls down to zero for THF derived TiO> without any
carbon (neither intrinsic nor extrinsic) as observed in Figure 7 (section 4.1.1), at a current rate
equal to C. Here, current rate was set up to 5C and TiO»/C-THF-0CB, only containing
intrinsic carbon (i.e. carbon from pyrolysis), exhibits capacities of ca. 12 mAh-g.

Galvanostatic charge/discharge profiles of cycles 1 and 51 corresponding to current rates of C
and 2C respectively are presented in Figure 4.1(b-c). At a current rate of C, both samples
exhibit a fast drop of potential until ca. 1.7 V vs. Li"/Li; evidencing a typical behavior of
lithiation of TiO,. Then, slope decreases slowly and the characteristic constant voltage plateau
of the two-phase reaction at 1.7 V is not well defined; nevertheless, the whole shape of the
discharge profile evidences the three steps during the lithium insertion into TiO anatase. It is
noteworthy that potential of TiO2/C nanocomposite decreases faster than the one of its
calcinated counterpart; however, polarization is the same for both samples (0.37 V versus
Li"/Li). In the last part of the discharge profile, potential drops faster towards the formation of
LiTiO».

When passing to a current rate of 2C (Figure 4.1c¢), the formation of the solid solution at the
beginning of the lithiation is always present with the rapid drop of potential. Then, the
constant voltage plateau is practically absent meaning a fast transition towards the
orthorhombic LiosTiO> phase. At that point, both samples evidences a quasi-linear decrement
of potential from c.a. 1.7 V versus Li*/Li until the end of the reduction. Polarization becomes
more important and a clear difference between the behavior of the two samples is observed.
Among the two samples, TiO2/C-THF-0CB exhibits the higher polarization, i.e. 0.65 V
against 0.59 V from TiO,-THF-18CB.

As mention before, complex impedance plots taken before the biphasic region and at the end
of the first lithiation are presented in Figure 4.2. Aside the electrodes discussed above, PEIS
was performed over the TiO2/C-IPE-12CB sample. The former was selected as it contains
both intrinsic and extrinsic carbon and the total amount of carbon is the same in all three
electrodes. One may observe that there are no significant differences in the shape of their
Nyquist plots. Fitting plots were obtained using the equivalent circuit shown in the top right
hand corner in Figure 4.2 and resistance values are summarized in Table 4.1. Interestingly,
one may observe the impact of the intrinsic carbon at the beginning of the lithiation process
(i.e. 1.8 V versus Li'/Li) analyzing the global resistances in the half cells.

At the beginning of the lithiation process, both electrodes containing intrinsic carbon (i.e.
TiO2/C-THF-0CB and TiO»/C-IPE-12CB) exhibit lower global resistances than TiO,-THF-
18CB, which only contains extrinsic carbon. Those values suggest that conductivity is
enhanced in TiO»/C nanocomposites by the close interaction of the pyrolytic carbon and the
Ti0O> nanoparticles (i.e. carbon coating) against the only physical interaction of the extrinsic

103



T102/C Nanocomposites

carbon due to the mechanical grinding. These results are analogous to the mechanically
prepared TiO2-V>0s mixed oxides discussed before (section 3.1.2.3). In brief, it has been
settled that a close interaction among the particles, as a result from the synthesis, becomes
beneficial for conductivity than the one obtained by physically grinding.
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Figure 4.2 Complex impedance plots of TiO2-THF and TiO2/C-THF(IPE) electrodes with a total amount of 18 wt% of
C in half-cells versus lithium. Plots were obtained in potentiostatic mode at 1.8 V versus Li*/Li (a) and 1.2 V versus
Li*/Li (b) after 2 h relaxation time before the lithiation. The equivalent circuit used for the analysis of the complex
impedance plots is shown on the top right hand corner.

Interestingly, the sample containing both types of carbon exhibits an intermediated behavior.
Admittedly, its global resistance is lower than the one from TiO>-THF-18CB, but it is also
higher compare with TiO2/C-THF-0CB. This behavior is certainly due to the presence of less
intrinsic carbon in TiO2/C-IPE-12CB (=6 wt%). Regarding the plot values at the end of the
first lithiation, all samples present similar global resistances regardless the carbon nature (i.e.
intrinsic, extrinsic or both). They are also lower than those obtained at the beginning of the
lithiation, probably due to the formation of an ionic conducting phase.

Table 4.1 Fitted resistance values from impedance plots of TiO2-THF and TiO2/C-THF(IPE) electrodes in half-cell
versus lithium.

E?Fz TiOyC- | TiOs/C- %?FZ TiOJC- | TiOs/C-
Resistances ~ | THF-0CB | IPE-12CB ~ | THF-0CB | IPE-12CB
o) 18CB 18CB
1.8V vs Li*/Li 12V vs Li'/Li
Rl 23.01 15.16 19.64 23.49 26.55 20.94
R2 496.60 | 32080 4202 2925 36.93 2033
R3 43580 | 131.50 156.1 24540 | 224.00 2363
TotalR | 95541 | 467.46 50794 | 298.14 | 287.48 277.57

In summary, pyrolytic carbon has proven to enhance conductivity of the electrodes before
lithiation. Nevertheless, at the end of the lithiation process, contribution of carbon is similar,
regardless its nature, principally due to the formation of an ionic conducting phase. Besides,
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intrinsic carbon demonstrated to enhance the long-term stability of pure TiO> (i.e. as
compared with the white THF derived electrode) at higher current densities, interesting for
high-power energy applications.

4.1.3 Spectroscopic analyses for further insights to the carbon coating
formation mechanism.

Different spectroscopy techniques were used trying to elucidate the mechanisms involved in
the formation of the carbon coating. Xerogels were analyzed by Raman spectroscopy (Figure
4.3). Both samples present a lot of fluorescence which hides anatase bands, even if this phase
was identified by X-ray diffraction (Figure 2 in section 4.1.1). Concerning the graphitic
region, Xer-THF displays both D and G bands proving the formation of poorly graphitic
domains even before pyrolysis. On the contrary, neither D nor G bands were identified for
Xer-IPE. While this feature suggests differences between IPE and THF towards carbon
intermediates, clear conclusion cannot be drawn. One may assume that the cyclic structure of
THF could not only promote carbon yield, as shown earlier, but also low-temperature
graphitization. However, Xer-IPE has threefold less carbon than Xer-THF (12.4 wt.% against
31.3 wt.%) and fluorescence may hide the bands. At this stage, a qualitative study of ether-
derived intrinsic carbon coatings appears to be extremely delicate and would deserve further
characterizations.
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Figure 4.3 Raman spectra of Xer-THF and Xer-IPE.

To provide further insights into mechanisms involved in carbon formation and elucidate
possible differences between THF and IPE, organic intermediate by-products were
investigated. Xerogels were washed with different solvents (i.e. CHCl3, CH2Cl> or THF).
Washing solvents were evaporated and residual by-products were analyzed using 'H and °C
NMR. Ideal reaction products, as seen in Scheme 1 (section 4.1.1), are TiO2 and a chloride
compound correlated with the nature of the oxygen donor. NMR spectra elucidated the
presence of 1,4-dicholorobutane as the main by-product for the THF route (Figure 4.4).
However, presence of expected isopropyl chloride for the IPE route was not determined by
this technique. Considering the low boiling point (36 °C) of this compound, it is very likely
that evaporation occurred before analyses. In addition to 1,4-dicholorobutane, few bands in
the region of sp® carbons were observed but any unsaturated carbon was detected. It is worth
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mentioning that gels keep their color after this washing step, so it is likely that vinylic
compounds, probable carbon precursors, stayed entrapped into the gel matrix.
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Figure 4.4 "TH NMR spectrum in CDCls, 300 MHz of byproducts of Xer-THF after washing with CHCl3, full range (a)
and aliphatic region (b). *C NMR spectrum of the same sample (c).
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In addition to NMR analyses, UV-visible spectra of the washing solvents were recorded
(Figure 4.5). Most of the washing solvents were dark (Figure 4.6). Briefly, for the same
dilutions, solvents used for washing Xer-THF were always darker and absorbance intensities
were bigger than for Xer-IPE. These results are in good agreement with the fact that Xer-THF
presents a higher amount of organic matter (as determined by TGA). Moreover, IPE-derived
soluble by-products absorb below 360 nm while THF-derived ones absorb in a broader range,
up to ca. 600 nm.

FTIR spectra (Figure 4.7) confirmed the presence of aliphatic sp? carbons in xerogels. Bands
in the 2950-2850 cm™ and 1500-1375 cm™ ranges can be assigned to aliphatic C-H bonds,
while signals below 1300 cm™ correspond to C-O vibrations of residual ether. Surprisingly,
no characteristic double bond signals could be observed, except for the one at around 1600
cm!. Besides carbonaceous framework, a continuous absorption below 1000 cm™ [267], and a
band appearing at around 1340 cm™ can be assigned to Ti-O-Ti bonds [268]. Even though a
qualitative study remains difficult, no significant differences could be noticed between IPE-
derived and THF-derived carbon precursors.

Xer-IPE
R (e 2 e B L L TR i

(

Q
-~

——CHLCI, |
——CHcl,
——THF

-
o
T
1

s
o0

Absorbance (Arbitrary Units)

0.0 -
PET | PURIN (R ST ST S (U ST TR S (SN ST ST TN [N ST ST S S ST S T
200 300 400 500 600 700 800 900
Wavelength (nm)
Xer-THF
(b)

3

Absorbance (Arbitrary Units)

FEPRPEIN BRI EPUPPE BRI EPETEFEr B B
200 300 400 500 600 700 800 900

Wavelength (nm)

Figure 4.5 UV-vis spectra of solvents used for washing Xer-IPE (a) and Xer-THF (b); solutions diluted 600 times
before analysis.
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Figure 4.6 Solvents after washing Xer-IPE (filled symbols) and Xer-THF (open symbols); each box correspond to the
same solvent: CH2Cl: (black), CHCI; (red) and THF (blue).
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Figure 4.7 FTIR spectra of dried xerogels and pyrolysed samples in the 900-1800 and 2700-3100 cm! ranges.

As a summary, Raman spectrum of THF derived xerogel exhibited some graphitic domains
and fluorescence may hide them in the IPE derived one. The absence of bands associated to
unsaturated carbons in NMR spectra confirms that byproducts leading to the formation of the
carbon coating mostly stay trapped in xerogels. It is possible that some unsaturated carbons
get away with the washing solvents given the strong coloration of solutions, but in small
amounts, making them difficult to determine. Moreover, not significant differences between
the two ether (i.e. oxygen/carbon donors) could be determined.

108



T102/C Nanocomposites

4.2 Catalytic graphitization of the NHSG organic byproducts by FeCls
impregnation

Considering that an increment of the pyrolysis temperature promotes the formation of rutile
TiO2 crystal phase, it was desirable to investigate other directions in order to increase the
graphitization of the carbon coating of the TiO>/C nanocomposites. One interesting approach
is the obtention of graphitic carbon at moderated temperatures in presence of transition metals
which act as graphitization catalysts. It is important to keep in mind that graphite has
historically been used as anode material in Li-ion batteries technology and that the carbon
coating obtained after the pyrolysis of xerogels is amorphous. Thus, inspired by the fact that
some authors benefit from a dual insertion process (e.g. lithiation of TiO; and graphene [264])
and considering that the impregnation of carbon precursors with different metallic salts could
improve graphitization [269-273], we decided to explore the catalytic graphitization of the
remaining organic byproducts in our xerogels in presence of an iron salt, i.e. FeCls.

The THF derived xerogel was chosen for this procedure as it presents a larger amount of
organic byproducts (34.3 wt%). Besides, preliminary tests evidenced a better solubility of
FeCls in THF. Impregnated xerogels were prepared using two different concentrations (i.e.
0.5 and 1.0 mmol of FeCl3 per gramme of byproduct) and two different impregnation times
(i.e. 12 and 24 h). Two different atmospheres (i.e. Ar and Ar-Hz, 95:5 vol.) were also tested
during pyrolysis. Aside from a potential influence over graphitization, it has been reported
that the pyrolysis atmosphere could impact on the lithium storage properties of carbonaceous
materials [274]. Samples are named hereafter by the Fe concentration (i.e. 0.5 or 1.0 mmol)
and impregnation time (12h or 24h). A direct comparison between the two pyrolysis
atmospheres will be presented.

At first, crystal phases were evidenced by XRD and the obtained difractograms are displayed
in Figure 4.8. All samples pyrolyzed under argon atmosphere only exhibit the TiO> anatase
crystal phase (JCPDS 00-021-1272); nevertheless, it was not the same case for the samples
pyrolyzed under reducing atmosphere (i.e. Ar-Hz). The TiO> sample treated for 24 h at a
concentration of 1.0 mmol of FeCls per gram of carbon source not only exhibit reflections
associated to the anatase phase, but also reflections corresponding to the TiO> rutile crystal
phase (JCPDS 00-021-1276). More surprinsingly, a reflection corresponding to iron oxide
(i.e. Fe2O3 maghemite crystal; JCPDS 00-039-1346) was observed. The presence of rutile is
certainly due to the formation of Fe;Os, as it has been reported that Fe;O3 could act as a
promoter for the anatase to rutile transformation and could also enhance particle growth [167,
275].

Apart from these differences, no significant shift was observed for the anatase reflections and
neither graphite (JCPDS 01-075-2078) nor metallic iron (JCPDS 01-085-1410) were detected.
The absence of those reflections suggests that either the xerogels were not successfully
impregnated, despite the formation of Fe2O3 in one sample, or that pyrolysis temperature is
not high enough to enhance the catalytic graphitization of the xerogel byproducts. For
instance, works of Sevilla et al [269, 270] and Han et al [272] evidenced catalytic
graphitization using higher pyrolysis temperatures (i.e. 900 °C and 1000 °C). All of them used
XRD as a demonstration of the graphite formation. Interestingly, reflections related to metal
iron were also observed in their difractograms. Nevertheless, such high pyrolysis temperatures
are not suitable for this work given that, as noticed before, the formation of TiO> rutile can be
observed above 800 °C. Furthermore, Hoekstra et al [276] obtained recflections related to
graphite at rather low temperature, i.e. 725 °C; however, they also observe the formation of
cementite (Fe3C) at the same temperature.
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Figure 4.8 Powder X-ray patterns of TiO2/C nanocomposites after Fe impregnation (different concentrations and
time) under Ar (a) and Ar-H: (b) atmospheres.

Futher analyses by Raman spectroscopy (Figure 4.9a-b) confirm the presence of TiO: anatase;
though, a band appearing at 447 cm™' is attributed to a Raman active fundamental of rutile
[277] and it is recurrent in all samples. Thus, traces of some rutile domains must be present in
small amounts that are not detected by XRD.

Crystallite size was determined with the Scherrer formula and values are reported in Table
4.2. All samples present similar crystallite size values (= 13-14 nm) and are in agreement with
the sizes previously observed for TiO2/C nanocomposites, without iron chloride impregnation
(section 4.1.1). The sample with the largest crystallites (i.e. 18 nm) also corresponds to the
one that exhibits reflections of TiO; rutile. This slighty bigger size can be explained by the
formation of Fe>O3 as discussed above.

Table 4.2 Crystallite size and textural data for TiO: after impregnation treatment and pyrolysis under Ar or Ar-Ho.

Sample Crystallite size® (nm) | Spet® (m2-g") | Vp© (ecm3-g!) | Dp¢ (nm)
0.5 mmol — 12h 12 67 0.20 11.8
Ar 0.5 mmol — 24h 12 69 0.19 10.6
1.0 mmol — 12h 15 67 0.14 7.3
1.0 mmol — 24h 16 84 0.20 7.7
0.5 mmol — 12h 14 68 0.24 14.1
Ar-Ha 0.5 mmol — 24h 13 51 0.15 13.2
1.0 mmol — 12h 13 68 0.21 12.0
1.0 mmol — 24h 18 71 0.18 8.4

*derived from XRD data using Scherrer equation, Pspecific surface area, ‘total pore volume, ‘BJH average pore diameter
calculated from desorption branch.

Raman spectra of the pyrolyzed samples under different atmospheres are presented in Figure
4.9. Spectra was divided in two sections for an individual analysis of TiO; and graphite. As
mention before, Raman spectra confirms the presence of TiO: anatase (Figure 4.9a-b), but
also evidences traces of TiO; rutile. No significant differences were detected among the
different samples; however, spectra of samples subjected to the argon atmosphere exhibit
higher intensity/noise ratio than their counterparts treated under reducing atmosphere. This
feature may suggest a modification over the carbon coating.

Raman spectra region where graphite is active is presented in Figure 4.9c-d; all samples
exhibit similar behavior as the one described earlier (section section 4.1.1) for the TiO,/C

110




T102/C Nanocomposites

nanocomposites. Briefly, partial graphitic carbonaceous materials display two bands in the
Raman spectrum centered at ca. 1580 cm™ and 1350 cm’!. These bands are associated to
graphitic carbon (G band) and disorder-induced carbon (D band) respectively; the former
indicates the presence of impurities or defects into the graphitic framework [278-280].
However, in the present case, both bands are shifted; G band is shifted at around 1600 cm!
and D band at around to 1325 cm™!, such as in the previous TiO2/C nanocomposites without
being subjected to the iron chloride impregnation. D band is broader and it exhibits a shoulder
at around 1200 cm™'. Due to this characteristic, the application of the Knight formula for the
evaluation of the graphitization degree in these materials becomes arduous.

As for the materials discussed in the previous section 4.1.1, the shape of the Raman spectra
and the observed shifts, compare with the theoretical values, are explained by the presence of
the four components of the D band (i.e. D1, D2, D3 and D4 centered at 1350, 1620, 1500 and
1200 cm™ respectively) [281-283]. It is important to keep in mind that these materials are
based upon the TiO»/C-THF nanocomposite presented above, thus this behavior is not
completely astonishing. However, one may have expected narrow and well defined G bands
as observed in literature for materials subjected to catalytic graphitization [270-272].
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Figure 4.9 Raman spectra of TiO2/C nanocomposites (a-b) TiO2 region and (c-d) graphite region. Samples pyrolyzed
under Ar atmosphere are presented in (a, ¢), while under Ar-H: atmosphere are presented in (b, d).

Presence of this behavior indicates that the graphitization of the C-coating was not
significantly improved. Actually, D3 band is associated to amorphous carbon and its
contribution is clearly observed by an increment of the intensity, as compared with the linear
background, at around 1500 cm™. In order to provide further insights about the real
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contribution of the Fe impregnation in those materials, a deeper analysis needs to be
performed including the deconvolution of the spectra into the five bands (i.e. G and D1-D4
bands). This analysis will allow the determination of the intensities for each band and the
Knight formula would be properly applied for the evaluation of the graphitized-crystallite
coherence length (La).

Although the graphitization degree of the carbon coating has not been significantly improved
a priori, extra textural characterizations of those materials were performed. Molecular
physisorption isotherms and BJH pore size distribution of the pyrolyzed samples are shown in
Figure 4.10. All samples present hysteresis behavior and the isotherm shape is similar for
samples treated under the same atmosphere. Isotherms of impregnated xerogels pyrolyzed
under argon atmosphere present an intermediated type Il — type IV shape according to the
IUPAC classification. Isotherms evidence a progressive adsorption of N> until a relative
pressure of ca. 0.6; then adsorption increases at higher relative pressures. This behavior can
be associated to multimolecular adsorption; however, saturation, a characteristic feature of
type IV isotherms, is not clearly reached (even though inflection points can be observed).
Concerning the xerogels pyrolyzed under reducing atmosphere, they also present a similar
intermediate type II — type IV shape isotherm with hysteresis behavior. The main difference
against the Ar-pyrolyzed samples is that adsorption increases at even higher relative
pressures, but faster and a saturation plateau is vaguely sketched. It is noteworthy that
hysteresis in Ar-Hz-pyrolyzed samples is less pronunciated than in those pyrolyzed under
argon atmosphere. The hysteresis shape matches with an Hj3 type attributed to capillary
condensation in non-rigid textures.

Regarding the pore size distributions, all samples exhibit similar behavior regardless of the
pyrolysis atmosphere.The narrow “distribution” centered at ca. 3.5 nm is associated to
cavitation phenomenon. Samples exhibit broad distributions centered between 9-10 nm for
samples pyrolyzed under Ar and in the 10-11 nm range for samples pyrolyzed under Ar-H»
atmosphere. The only exception in both cases corresponds to the sample treated with a bigger
amount of iron salt solution for a longer period of time (i.e. 1.0 mmol Fe per gramme of
carbon source for 24 h, green plotted line). This sample also presents pores around 7 nm when
pyrolyzed under Ar and in the 4-10 range when pyrolyzed under Ar-Ho.

Textural data are summarized in Table 4.2. Samples treated for 12 h present surface areas
around 68 m?-g’! regardless of the pyrolysis atmosphere, slighty inferior than the surface area
obtained for TiO»/C-THF (75 m?-g’!, section 4.1.1) may be due to the presence of iron
particles at the surface of materials. By contrast, samples treated for longer periods of time
exhibit a heterogenous behavior; xerogels containing 1.0 mmol Fe per gram of carbon source
display higher surface areas (i.e. same samples of the previous discussion about the pore size
distribution, green plots in Figure 4.10). Ar-0.5mmol-24h sample present similar surface area
as those obtained for the 12 h treated samples and finally, Ar-H:-0.5mmol-24h sample
exhibits lower surface (51 m?-g™!). Interestingly, the molecular physisorption was the only
characterization evidencing a more remarkable difference between the two atmospheres used
in the pyrolysis step, notably concerning the isotherm shape.

Selected samples were electrochemically evaluated using galvanostatic cycling versus
lithium. Given that pyrolyzed samples under reducing atmosphere do not evidence significant
differences from those pyrolyzed under Ar, it was determined to test just the last ones.
Besides, only the two samples impregnated for 12 h were analized. The carbon amount was
determined by TGA and no significant differences were observed as compared with the
carbon content previously determined for the TiO»/C-THF sample obtained without iron
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chloride (ca. 19 wt%). Electrodes were prepared without any addition of extrinsic carbon,
then cycled at the same current rates as the TiO2/C nanocomposites discussed in section 4.1.1
(i.e. 16.8, 168,336 mA-g™).

(@ [T () [
L Ar ] | ArH,
150 [ —®—0.5mmol-12h 1 150 - —=—0.5mmol - 12h
— I —®—0.5 mmol - 24h — r —®—0.5mmol - 24h
D L —4—1.0 mmol - 12h @ [ —A—1.0mmol - 12h
- P
g I —%— 1.0 mmol - 24h E ' —¥—1.0 mmol - 24h
T 100 T 100
£ o -
5 gt
£ 2 |
< < L
g 50 50
= =) L
=) o
> > [
0 " PR S PR | - i | - PR L PR 0 | "
0.0 0.2 04 0.6 0.8 1.0 0.0
Relative Pressure (P/P ) Relative Pressure (P/P )
600 : — T T ——— 600 T —
(c) ! (d) '
L Ar A - Ar-H,
500 —O0—0.5mmol -12h | 500 | —0O—0.5mmol -12h ]
—0— 0.5 mmol - 24h —O— 0.5 mmol - 24h
r —&—1.0mmol -12h r —£4—1.0 mmol - 12h
2~ 400 - v=10mmol-24h o 400 |- —7—1.0 mmol -24h
o) o
~ F L
E E
= 300 = 300 |
g g
g |
T 200 - T 200 -
< <
o F k-1 L
100 100
0 0
1 1
Pore Diameter (nm) Pore Diameter (nm)

Figure 4.10 (a-b) Molecular nitrogen physisorption isotherms and (c-d) BJH pore size distribution (desorption
branch) of TiO2/C nanocomposites after impregnation treatment. Filled and open symbols refer to adsorption and
desorption, respectively. Samples pyrolyzed under Ar atmosphere (a, ¢) and samples pyrolyzed under Ar-H:
atmosphere (b, d).

Cycling performance and initial charge/discharge profiles of the two impregnated samples
(noted thereafter TiO»/C-THF-0CB-XFe, where X correspond of the theoretical concentration
of Fe) and the original TiO,/C-THF-0CB electrode are displayed in Figure 4.11. Specific
capacities were calculated according to the amount of TiO, present in each electrode. All
three samples present good stability towards the whole cycling.

Initial galvanostatic charge/discharge profiles of the three samples evidence the characteristics
of lithium insertion into TiO; anatase framework. A initial relatively fast drop of potential can
be observed from the open circuit to ca. 1.75 V versus Li*/Li leading to specific capacities of
around 100 mAh-g!. This drop of potential is associated to the formation of a solid solution
compound (Li,TiO2 with x<0.5) and is followed by a constant voltage plateau. The former
correspond to a biphasic region where the as formed tetragonal lithium titanate coexists with
the orthorrombic LiosTiO; lithium titanate. It is noteworthy that this region is larger for the
TiO2/C-THF-0CB-0.5Fe electrode; the other two samples show quasi identical behaviors.
Besides, the average reduction voltage plateau of this sample is increased by 0.01V versus
Li'/Li; in parallel, its average oxidation voltage plateau is decreased by 0.02V versus Li*/Li in
comparison with the other two electrodes. Thus, the polarization of this sample has been
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enhanced. The last section of the profiles evidences another two-phase reaction towards the
formation of the tetragonal LiTiO».
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Figure 4.11 Cycling performances of THF derived TiO2/C nanocomposites at different current densities for a voltage
window of 1.2-2.5 V versus Li*/Li (filled and open symbols refer to reduction —discharge— and oxidation —charge-,
respectively) (a); initial galvanostatic charge/discharge profiles at a current rate of 16.8 mA-g! versus lithium. (12h
impregnation).

TiO2/C-THF-0CB and TiO/C-THF-0CB-1.0Fe samples, as observed for the first cycle (i.e.
initial galvanostatic profiles, Figure 4.11b), exhibit similar cycling performances along the
different current rates. At the beginning, at lower current densities (i.e. 16.8 mA-g?), the
impregnated sample presents higher specific capacities. However, as current rate becomes
more important, specific capacities decrease until they reach similar values as those obtained
for the TiO2/C nanocomposite without any Fe impregnation treatment (72 and 65 mAh-g’!
respectively) at a current rate of C (i.e. 336 mA-g™).

Regarding the performances of the other impregnated sample, TiO2/C-THF-0CB-0.5Fe shows
its superiority all along the cycling. One may observe that this sample possesses a larger
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reduction voltage plateau than the two other samples. This behavior is transposed to the
oxidation process leading to higher specific capacities at the end of the lithiation/delithiation
processes and thus, enhancing the reversible capacity. Interestingly, the difference between
the capacities obtained with this sample and those from the original TiO2/C nanocomposite is
almost constant along the whole cycling (=60 mAh-g'). That said, a clear improvement is
observed and this performace is comparable to the one from the 'Pr,O derived nanocomposite
mixing intrinsic and extrinsic carbon (TiO2/C-IPE-12CB from section 4.1.1). Nevertheless,
capacities are far from those corresponding to the TiO2-IPE-18CB sample. This enhanced
behavior may be originated by a certain doping degree of iron into the TiO, framework during
the pyrolysis step, as it has been reported in literature that Fe doping improves the
electrochemical performances of TiO> [143].

In summary, impegnation treatment does not significantly improve the graphitization degree
of these samples. Materials heat-treated under two different atmospheres exhibit similar
characteristics. The temperature choosen seems not to be high enough to promote the catalytic
graphitization of xerogel byproducts. However, increasing it will result in the formation of
TiO> rutile instead of TiO, anatase. Despite this, electrochemical performances were
improved with similar capacities as those obtained for the IPE derived electrode containing
both kind of carbon (i.e. intrinsic and extrinsic).

4.3 Chapter conclusion

This chapter propose an interesting approach to the preparation of TiO,/C nanocomposites.
Mesoporous TiOz and TiO2/C nanocomposites were successfully synthesized using solvent-
free NHSG ether routes. Two conventional ethers, i.e. diisopropyl ether and tetrahydrofuran,
has been employed in a stoichiometric ratio not only as oxygen donors but also as carbon
sources. Obtained xerogels were subjected to two different heat treatments, i.e. calcination in
air against pyrolysis under argon. All samples led to pure anatase TiO> nanocrystals. As for
pyrolysis, the texture, TiO; crystallite size, carbon content and carbon coating thickness can
be controlled by simply changing the ether. To assess the impact of such coating,
electrochemical performances of both TiO2 and TiO2/C composites were studied as anode
materials for lithium-ion batteries. An insight into the role of intrinsic carbon (i.e. ether-
derived pyrolytic carbon) versus extrinsic carbon additives (i.e. acetylene black) towards
electrochemical performances of TiO> was presented. Despite the fact that intrinsic carbon
enhanced the electronic conductibity of the electrode and improved the electrochemical
performances as compared to the uncoated TiO> nanoparticles, electrodes formed with
extrinsic carbon lead to better electrochemical performances (i.e. higher capacities). In fact,
the amorphous carbon coating may form an artificial SEI that blocks the further lithiation of
the TiO core.

The catalytic graphitization of xerogel byproducts in presence of FeCls was investigated. Two
different concentrations of iron salt solutions and two pyrolysis atmospheres were explored on
the THF xerogel. Samples exhibit the TiO2 anatase crystal phase, one sample also evidences
traces of TiO2 rutile, and more surprisingly traces of Fe,O; maghemite. The iron salt
pretreatment does not modify the amount of carbon obtained after pyrolysis, but also does not
significantly improve the graphitization degree as observed by Raman spectroscopy. These
samples exhibit a practically identical Raman spectra behavior as the one observed for the
TiO2/C nanocomposites without any FeCls impregnation treatment. It suggests a major
presence of amorphous carbon because the pyrolysis temperature was not high enough to
activate the catalytic process.
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Even though these samples exhibit similar textural characteristics to those observed for the
Ti02/C nanocomposites without any iron treatment, a small amount of iron was benefitial for
the electrochemical performances. Capacity was improved with 0.5 mmol of Fe per gram of

carbon source; this sample reaches similar capacities as those obtained for the TiO2/C-IPE-
12CB electrode, containing both intrinsic and extrinsic carbon.
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The main objective of this PhD thesis was to explore the potential of non-hydrolytic sol-gel
chemistry for the synthesis of TiO»-based electrode materials for lithium-ion batteries. Two
different approaches were explored to try to improve the low electronic conductivity, which
represents a major drawback of TiO» for this application. The first approach consisted in
preparing TiO2-V20s mixed oxides, the second one was the preparation of TiO2/C
nanocomposites.

Ti02-V20s mixed oxides, containing different vanadium loading from 5 to 20 at%, were
successfully prepared by solvent-free NHSG routes based on the reaction of TiCls and VOCI;
with 'Pr,0, followed by a calcination in air. At low V loadings, the only crystalline phase
detected was TiO» anatase. Traces of V20s scherbinaite were detected only at high V
loadings. The presence of vanadium influenced the texture of the materials, the general trend
being that the specific surface area decreased with the increase of vanadium loading. The
vanadium loading has additional effects such as promoting the anatase to rutile transformation
at lower temperatures and facilitating the growth of the TiO, particles. All samples presented
similar hierarchical structures, based on primary rounded-shape nanoparticles 15-20 nm in
size, self-assembled into micron-sized spherical particles. At high vanadium loadings, micron-
sized V705 crystals were observed growing from the TiO; particles.

The conductivity of the TiO2-V20s mixed oxides was significantly higher than that of the pure
TiO2 sample, but no correlation between the vanadium content and the conductivity could be
found. Despite this improved electronic conductivity, the reversible capacity of the electrodes
after the first cycle was not improved. Apparently, increasing the vanadium loading above 5
at% mostly led in the growth of V2Os crystals and in a decrease of the specific surface area of
the electrode material, resulting in lower specific capacity.

The electrochemical behavior against sodium was more encouraging. Contrary to the
evaluation of the electrodes against lithium, a 5 at% vanadium loading improved the
performance compared to pure TiO> (128 mAh g and 110 mAh g! with a current rate of 336
mA g respectively).

The second approach explored was based on the preparation of TiO»/C nanocomposites.
Mesoporous carbon-coated TiO> nanocomposites were successfully synthesized using an
original, solvent-free NHSG route. We proposed to use simple ethers in a stoichiometric
amount not only as oxygen donors but also as carbon sources. After pyrolysis at 750 °C,
mesoporous TiO»/carbon nanocomposites built of anatase nanocrystals coated by an
amorphous carbon film were obtained, as shown by XRD, Raman spectroscopy, *C CPMAS-
NMR spectroscopies, and electron microscopy. The carbon content can be controlled by
playing on the reaction temperature. The nature of the ether impacted the carbon content and
the carbon coating thickness, as well as the texture of the nanocomposite and TiO> crystallite
size. This simple NHSG approach should provide a general method to synthesize mesoporous
metal oxide-carbon nanocomposites.

The electrochemical behavior of TiO2/C nanocomposites and their TiO» counterparts
(obtained by calcination in air) toward lithium insertion-desinsertion was investigated. The
influence of the carbon coating on the electrochemical performances was evidenced and
compared to that of a conventional carbon-black additive. However, as far as electrochemical
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performances are concerned, carbon black appeared more effective than the intrinsic carbon
coating. This could be ascribed to the more graphitic nature of the carbon black additive,
and/or to the hindering of lithium ion diffusion toward the TiO; by the intrinsic carbon
coating.

The catalytic graphitization was explored by impregnating xerogel byproducts by a FeCls
solution. The use of a lower pyrolysis temperature, as compared with those used in literature,
did not allow for a significant improvement of the graphitization degree of the carbon in
Ti10,/C nanocomposites.

Different directions can be proposed to continue this work. The influence of the calcination
temperature on the electrochemical performances should be completed, using for instance in
situ X-ray diffraction or in situ Fourier transform infrared spectroscopy. The stability of our
TiO, materials over broad potential windows also deserve further investigations. The
hierarchical TiO, obtained by the Pr,O route shows good electrochemical performances,
which could be improved by preparing, for example, TiO2-SnO; mixed oxides instead of
Ti02-V20:s.

Concerning the TiO,/C nanocomposites, our results demonstrate that the approach is
potentially attractive in terms of process and material. To improve the electrodes
performance, researches should target the formation of mesoporosity in the carbon coating to
allow a better diffusion of lithium ions. Besides, a careful tuning of the pyrolysis conditions,
this could possibly be achieved by using other O-donors.

Moreover, this original and simple NHSG approach provides a general method to synthesize
mesoporous metal oxide-carbon nanocomposites, and much remains to be done to explore
different oxide and mixed oxide-carbon systems, different oxygen/carbon donors, and to
investigate the potential applications of the resulting nanocomposites.
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Synthése par chimie sol-gel non-hydrolytique de matériaux d’électrodes

pour batteries Li-ion a base de TiO;

Les batteries lithium-ion (LIBs selon leurs sigles en anglais) sont des outils de stockage de
I’énergie omniprésents pour des applications portables ou des véhicules hybrides et
¢lectriques. Cependant, pour des applications demandant une forte puissance énergetique, les
performances des matériaux actuellement utilisés comme ¢électrodes doivent étre améliorées.

Les travaux les plus récents dans ce domain portent sur 1’utilisation d’oxydes métalliques. Ces
composés, les plus abondants de la plancte, sont des matériaux intéressants a étudier car ils
présentent en plus des propiétés telles que le superparamagnétisme ou la piézoélectricité. Ces
différentes propiétés ouvrent un évential de possibilités pour des diverses applications dans
des domains technologiques tels que la catalyse, les colorants, des applications biomédicales
et également pour des applications énergetiques.

Parmi ces oxydes, le dioxyde de titane (TiO2) a été largement étudi€¢ pour trois raisons
majeures : il possede un indice de réfraction élevé (n=2.49 a 589 nm pour TiO anatase
[160]), c¢’est un semiconducteur (une bande interdite de 3.2 eV pour TiO, anatase [157, 182,
209]) enfin, il présente aussi une activité photocatalytique (limite de bande a 387 nm pour
Ti0; anatase, proche du rayonnement ultraviolet [182]). La recherche a fait des progres sur ce
matériau en visant un contrdl de la morphologie, la cristallinité, la taille de particule et la
porosité, tout cela en regard des applications spécifiques. Dans le domaine du stokage
del’énergie, le TiO> a attiré I’attention comme remplagant potentiel du graphite des anodes
des batteries Li-ion, notamment pour les applications a haute demande énergetique. Cela tient
a la capacité spécifique théorique (335,6 mAh-g') [91], sa stabilité chimique et son cofit
faible de production. A coté de ces avantages, le TiO> posséde une faible conductivité
électronique (10712 < Ec <107 s-cm™ [191]) et aussi un faible coefficient de diffusion ionique
(10 < Dc < 10° cm?s! [192-195]). Ces deux facteurs limitent les performances
¢lectrochimiques pour des applications en batteries au lithium qui ne sont pas aujourd’hui a
des niveaux suffisants pour répondre aux demandes des industriels.

Cependant, tout n’est pas perdu pour le TiO; ils existent des approaches permettant
d’envisager une amélioration de ses propiétés ¢électrochimiques. Tout d’abord, dans 1’idée de
palier le faible coefficient de diffusion, les recherches se sont orientées vers des matériaux
nanostructurés et a porosité controlé ou hiérarchique [119, 121]. Cette approche vise la
création de plus de surface et donc plus de sites d’entrée du lithium dans la structure du TiO2,
favorisant ainsi le flux des ions [119]. Parallelement, le dopage du TiO> par des atomes
métalliques vise a améliorer la conductivité par la modification de sa structure cristalline
[143]. Une troisiéme approache cible 1’utilisation de carbon avec le but d’améliorer la
conductivité de 1’électrode en général ; le carbon peut étre présent sous forme de carbone
amorphe [265], graphéne [199-201, 264] ou nanotubes de carbone [150, 198] et forme soit un
assemblage hybride de particules [198, 264], soit un révétement [202, 208, 265].

De fagon générale, les oxydes métalliques, TiO2 inclus, sont produits par des méthodes de
synthése a des températures assez élevées et fréquemment des phénomenes de séggrégation
sont observés. Ces méthodes rendent difficile 1’obtention des oxydes complexes ou
nanostructurés. Une premiere réponse a ét¢ trouvé par la « chimie douce », terme congu par
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les chimistes frangais Jacques Livage et Jean Rouxel [2, 3]. La chimie douce regroupe un
ensemble de réactions produites en solution, favorisant ainsi I’homogénéité et le contrdle de la
réaction. Elles sont généralement réalisées a des températures faibles de I’ordre de 200 °C a
300 °C au maximum et plus généralement entre 100 °C et 200 °C. Les produits obtenus sont
généralement metastables et sont suceptibles d’évoluer avec un traitement thermique,
notamment par des procesus de crystallisation et de fritage. La chimie du sol-gel non-
hydrolitique (SGNH) représente une alternative aux voies conventionnelles de sol-gel car elle
met en jeu des réactions entre des chlorures métalliques et des donneurs d’oxygene différents
de I’eau tels que des éthers, des alcools ou encore des aldéhydes et des acides carboxyliques.
Cette méthode de syntheése s’est révélée efficace pour la production des oxydes et des oxydes
mixtes mésoporeux [4, 19, 22].

Dans ce contexte, 1’objectif principal de ce travail de thése a été le developement des
matériaux a base de TiO> synthetisés par une méthode de sol-gel non-hydrolitique pour des
applications comme électrodes des batteries Li-ion. Etant donné la nécessité de modifier les
propiétes ¢€lectrochimiques du TiO», deux différentes approaches ont été développées. Un
premier ensemble de travaux porte sur la préparation des oxydes mixtes (Ti02-V20s). La voie
éther du SGNH a été privilégié avec notamment I’utilisation de ProO comme donneur
d’oxygene. Il est important de noter que ces matériaux ont été obtenus sans 1’ajout de solvants
ni d’additifs, ceci permettant d’aller vers une approche plus « Verte » de la synthese de ces
matériaux. Un deuxiéme ensemble de travaux porte sur la réalisation de nanocomposites
Ti10,/C. Cette approache reprend la voie de SGNH dont il avait ét¢ montré par le passé que la
formation de Ioxyde métallique s’accompagne de celle de sous-produits carbonés. Ces
derniers étaient jusqu’a présent €liminés par lavage ou consumés lors d’une étape de
calcination. L’idée a été de préserver la présence de ces résidus carbonés et d’en faire la
source du carbon qui est obtenu par une pyrolyse sous atmosphére inerte (Ar). Cela permet
d’¢liminer les étapes d’addition de sources externes de carbone pour 1’obtention de ce type de
composites et évite les étapes de lavage de I’oxyde. On rejoint ici encore les préoccupations
de la chimie verte, notamment en terme d’économie d’atomes.

Les matériaux obtenus ont été caractérisés autant d’un point de vue structurale, texturale et
morphologique (i.e. diffraction des rayons X, microscopie électronique, physisorption
d’azote, spectroscopie Raman) que pour leurs performances électrochimiques (i.e. impédance
et cyclages galvanostatiques). Concernant les nanocomposites TiO2/C, le revétement carboné
a ¢été analysé plus en detail en déterminant la quantité de carbon (i.e. analyse
thermogravimétrique) et en essayant de comprendre la nature de ce carbone (i.e. résonance
magnétique nucléaire solide du carbone).

Syntheése des oxydes mixtes (TiO:-V20s) par chimie sol-gel non-
hydrolytique pour des applications comme matériaux d’anode de batteries
Li-ion

Cette premicre partie est consacrée a la syntheése d’oxydes mixtes TiO2-V20Os en utilisant
Pr,0 comme donneur d’oxygéne selon une méthode de synthése sol-gel non-hydrolytique.
Des poudres nanocristallines de TiO et des TiO2-V20s ont été préparées avec différentes
proportions de vanadium : 5, 10, 15 et 20 at%. Le bilan réactionnel général est présenté dans
le Schéma 1. La nomenclature adoptée, TiVx, indique la valeur x du pourcentage atomique
théorique de vanadium introduit dans I’échantillon (Tableau 1).
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| 110 °C, 4 d
TiCly + X VOCl3+(4+3x)/2 'Pro0 ————

TiO, + x/2 V5,05 + (4+3x) 'PrCl
Schéma 1 Bilan réactionnel idéal de la synthése d’oxydes mixtes TiO2-V20s.

L’analyse EDX montre que la composition en vanadium des échantillons est relativement
proche des valeurs attendues pour ces produits, compte tenu de la composition en chlorure
métallique de départ (Tableau 1).

Tableau 1 Contenu expérimental de vanadium, taille de cristallite et information de la texture du TiO2 et des oxides
mixtes (TiO2-V205).

Echantillon | V2nadium? Taille de cristalliteP SBET® Vp! Dp©
(at%) (nm) (m?¥/g) (cm?/g) (nm)
TiO2 0 13 68 0,17 5,7
TiV5 7,7 12 64 0,15 6,5
TivV10 8,4 17 58 0,16 7,9
TiV15 12,0 25 27 0,13 16,2
TivV20 17,0 25 15 0,09 20,2

@ D’aprés I’analyse EDX ; ® selon I’analyse de DRX en applicant 1’équation de Scherrer ; ¢ surface spécifique ; ¢ volume
poreux total ; ¢ diametre moyen BJH des pores calculé a partir de la courbe de desorption.
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Figure R. 1 Diffractogrammes duTiO: et des oxydes mixtes (TiO2-V20s).

Les diffractogrammes de ces échantillons (Figure R. 1) montrent tous la formation de la phase
cristalline anatase pour le TiO2 (JCPDS 00-21-1272). Pour des faibles proportions de
vanadium, I’absence d’un deplacement significatif des pics de diffaction peut étre vue comme
résultant de la solubilité du vanadium dans la structure cristalline du TiO». Les échantillons
avec une concentration plus €levée en vanadium montrent la présence de V>Os scherbinaite
(JCPDS 00-041-1426). La taille de cristallite, pour les cristaux de TiO, anatase, a été
déterminée par I’équation de Scherrer et elle est comprise entre 13 et 25 nm. Elle devient plus
importante avec I’augmentation de la proportion de vanadium (Tableau 1).
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En microscopie MEB (Figure R. 2) les échantillons présentent dans tous les cas des
morphologies hiérarchiques, résultant de 1’aggrégation de nanoparticules primaires d’une
taille autour les 15-20 nm (en correlation avec les valeurs determinées par DRX). Ces
nanoparticules forment des agglomérats sphériques d’une taille qui atteint [’échelle de
quelques microns qui, a leur tour, forment aussi des agglomérats de taille plus importante
(=10-15 pm). On remarquera que les particules secondaires dans le cas du TiO: sont plus
petites, avec des tailles moyennes entre les 0,6 um et 1,2 um ; alors que les particules dans le
cas des oxydes mixtes atteignent des tailles entre les 3 um et 6 um. En outre, tel que les
diffractogrammes 1’avaient montré, les oxydes mixtes avec un contenu égal ou supérieur au
15 at% présentent des plaquettes cristallines de V205 imbriquées dans les particules de TiO:
anatase.

$-4800 x10.0K

o

B 54800 x150K NP

Figure R. 2 Micrographies MEB de TiO: (a-c), TiV5 (d-f) et TiV20 (g-i) a différents grossissements (x10k, x25k et
x150k).

Les analyses texturales (isothermes d’adsorption-désorption d’azote Figure R. 3, Tableau 1)
montrent pour les cinq échantillons des isothermes de type IV (IUPAC) caractéristique des
solides mésoporeux. Ceci est confirmé par la distribution BJH de la taille des pores centrée
entre 3-10 nm, pour le cas du TiO2 et TiV5 et entre 10-40 nm pour TiVI5 et TiV20.
L’échantillon TiV10 est un cas particulier, il présente une distribution bimodale avec des
pores appartenant aux deux régions décrites précédemment. Selon une tendance générale, la
surface spécifique des échantillons diminue avec l’augmentation de la proportion de
vanadium passant de 68 m?-g! pour le TiO2 & 15 m?-g"! pour le TiV20. Cette decroissance est
attribuée a I’augmentation de la taille de cristallite et aux cristaux de V>0Os.
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Figure R. 3 (a) Isothermes d’adsorption-désorption d’azote et (b) distribution BJH de la taille des pores déterminée a
partir de la courbe de désorption du TiO: et des oxydes mixtes TiO:-V20s. Les symboles pleins et ouverts
correspondent aux courbes d’adsorption et desorption respectivement.

Les profils galvanostatiques de charge-décharge correspondant au premier cycle sont
présentés dans la Figure R. 4. Il est important prendre en compte que les capacités affichées
n’ont pas été corrigées en fonction de la quantité de vanadium présente dans les oxydes
mixtes. Les cinq matériaux présentent un comportement caractéristique de la phase anatase
lors de I’insertion de lithium [184-186]. Tout d’abord, ils montrent la présence d’un plateau
vers 1,7 V versus Li'/Li, lors de la premiére décharge, associé a la coexistance de la phase
anatase du TiO: et d’une solution solide de titatante de lithium.

L’influence du vanadium est mise en évidence sur la premiére partie de la courbe de décharge
(i.e. depuis le circuit ouvert jusqu’a 1,8 V versus Li'/Li). On constate ’apparition des
épaulements vers 2,0-2,3 V versus Li/Li, correspondant a des capacités de 50 a 100 mAh-g.
Ce comportement indique la présence d’activité électrochimique correspondant a un couple
redox différent de celui 1i¢ au TiOx> ; cette caractéristique est en accord avec le comportement
des oxydes de vanadium par rapport au lithium [143]. L’absence de ce phenomeéne lors de la
premiere charge met en évidence I’irreversibilité de I’insertion de lithium dans les vanadates.

123



Résumé en Francais

(a) 2.6 S —
24| —x=T0,
A —o—TiV6 |
& sak —a—TiV10
E [ —v—TiV15
S apl +— TiV20
[’
> - p
2 18} o
® L A
§ 1.6 |- -
(o] L J
o £
14 I 2
1.2 - = -
1 1 1 L 1 1 1 " ] M 1 " 1 L 1 n 1
0 50 100 150 200 250 300 350 400

Specific Capacity (mAh g™*)

(b) 400 T T T T T
350 [ —=—Ti0, |
. o TiVS |
2 300 1 -A—TiVI0
= —vTiVIS
‘éf 250 -| + TiV20
S s ',’:'?lluuuu..u i : : g
8 AR T YV Y ~l-===a\' n/w i
© w ‘A‘“AA““A W ' ORRR
O 150 - TEeRS .M,,.V.;.,':QQAAAA- pooThe ,““1 o
AAA'AAAAAF:\_.__._,./ A A ‘\ECL.
2 I ‘ 79096\ 7& S
‘s 100 | ' ' | RAAAAd 1 Woo o
[ : : : | A
o - 1 ' - )
" 5| | : . . -
L 16.8mAg" 133.6 mA g"167.2 mA g";1se mA g’ ; 336mAg’ |
) J TIPS EIFEFE PPN IEPITS SRS I I I S S

0 5 10 15 20 25 30 35 40 45
Cycle Number

Figure R. 4 (a) Profils galvanostatiques correspondant au premier cycle (charge-décharge) des électrodes de TiO2 et
de TiO2-V20s avec une densité de courant égal a 16,8 mA-g' (C/20) par rapport au lithium ; (b) performances
électrochimiques correspondant au cyclage avec différents densités de courant (C=335,6 mA-g!) pour une fenétre de
potentiel de 1,2-2,5 V versus Li*/Li (les symboles pleins et ouverts correspondent a la réduction —décharge— ou a
I’oxydation —charge— respectivement).

La présence de vanadium modifie aussi le potentiel moyen du plateau lors de la premiére
réduction. Il se voit aumenté de ~0,04 V versus Li*/Li pour TiV5 et TiV10, et de ~0,1 V
versus Li"/Li for TiV15 and TiV20. Pour ce qui concerne la premiére oxydation, tous les
¢chantillons montrent un potentiel de plateau identique ce qui se traduit par une amélioration
de la polarization avec I’aumentation du contenu vanadium. Ainsi, la capacité spécifique du
plateau biphasique associ¢, a la formation de la phase LiosTiOz, est améliorée pour
I’échantillon TiV5 (170 mAh-g') par rapport au TiO> (150 mAh-g™) et cette valeur est proche
de la valeur théorique (165,5 mAh-g!). Concernant les échantillons TiV10, TiV15 et TiV20,
les capacités spécifiques du plateau biphasique sont inférieures a 150 mAh-g™! ce qui confirme
la supériorité du TiV5 parmi les oxydes mixtes préparés. La cyclabilité de ces matériaux est
présentée dans la Figure R. 4b. De facon générale, tous les échantillons présentent une bonne
rétention de capacité tout au long du cyclage auquel ils ont été soumis, avec des
augmentations progressives de densités de courant de C=16.8 mA-g' a C=336 mA-g!. Lors
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du cyclage a 16,8 mA-g’!, les échantillons de TiO: et TiV5 présentent des capacités autour de
185 mAh-g!, valeur qui decroit avec des densités de courant plus importantes jusqu’a
atteindre des valeurs de 125 et 115 mAh-g™! respectivement a une densité de courant égal a
336 mA-gl.

En conclusion, des nanoparticules de TiO2 anatase et des oxydes mixtes TiO2-V20s ont été
préparées par la voie 'PrO du sol-gel non-hydrolytique. Ces nanoparticules forment des
agglomérats spheriques qui attaignent des tailles de quelques microns. Les oxydes mixtes
Ti02-V20s5 a une teneur en vanadium importante (i.e. 15 et 20 at%) présentent aussi des
crystaux de V,0s scherbinaite. Malgré une amélioration de la conductivité €électronique de la
part des oxydes mixtes, la capacité reversible au-dela du premier cycle n’a pas été¢ améliorée
par rapport au TiO> obtenu dans les mémes conditions. Donc ; d’autres approches, tel qu’un
revétement carboné, ont été envisagées pour améliorer les performances électrochimiques de
ce TiOx.

Elaboration des nanocomposites TiO2/C par chimie sol-gel non-
hydrolytique ou le donneur d’oxygen est ¢galement la source de carbone du
composite. Analyse de leur performances électrochimiques vis-a-vis

P’insertion de lithium.

Dans cette section, les travaux ont porté I’obtention de nanocomposites TiO2/C par la voie
éther avec deux donneurs d’oxygéne différents ; soit le 'ProO soit le THF. L’objectif était
d’utiliser les sousproduits carbonés de la réaction comme source de carbone pour former une
couche de carbone par pyrolyse. A titre comparatif, des TiO2 exempts de carbone ont été
obtenus par calcination sous air de ces mémes xérogels. Le bilan réactionnel général de la
synthése est présenté dans le Schéma 2. La nomenclature adoptée prend en compte la nature
de I’¢échantillon (i.e. Xer- pour les xérogels, TiO2- pour les échantillons calcinés et TiO,/C-
pour les échantillons pyrolisés).

H3C\ o. /CH3 T H,C
H3C CHs HsC
o) T Hy Hp
TiCl, + 2 HyC CH» —> TiO,+ 2 CI7 (H; (H;
2 2

H2C_ CH2
Schéma 2 Bilan réactionnel idéal de la synthése des xérogels donnant les nanocomposites TiO2/C.

Les nanocomposites TiO2/C sont obtenus par pyrolyse a 750 °C a partir des xérogels bruts,
sans lavage. Leur taux de carbon a alors été déterminé par des analyses
thermogravimmetriques montrant la présence de, respectivement, 6,6 et 18,9 % en masse de
carbon dans TiO»/C-IPE et TiO,/C-THF.

Les diffractogrammes des différents échantillons (Figure R. 5) mettent tous en évidence la
formation de la phase cristalline anatase pour le TiO> (JCPDS 00-21-1272). Par ces mémes
analyses, le TiO,/C-IPE présente aussi une légere réflexion correspondant a la phase rutile
(JCPDS 00-21-1276). 11 est important de noter 1’absence des réflexions correspondant au
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graphite dans tous les cas ; cela suggere que le carbon obtenu par pyrolyse possede une nature
amorphe.

La taille de cristallite a ét¢ déterminée en utilisant 1’équation de Scherrer avec la réflexion la
plus intense du TiO; anatase (i.e. plan (101) ; = 25,3 © 26, Tableau 2). Elle est comprise entre
7 et 20 nm et il est impossible de conclure a un effet de la nature du gaz de traitement
thermique (air ou argon). En revanche, la taille des cristallites semble plus dépendante de la
nature du donneur d’oxygéne ; les cristallites de TiO,/C-IPE étant plus grandes que celles de
TiO2/C-THF. Ce phénoméne peut étre dii a une quantité majeure de carbon dans ce dernier,
empechant ainsi sa croissance.

Tableau 2 Taille de cristallite et information de la texture du TiO: et des TiO2/C nanocomposites.

Sample Crystallite size® (nm) | Spet” (m? g) [ Vp© (em?/g) | Dp? (nm)
Xer-IPE 7 --- --- ---
TiO2/C-IPE 20 70 0.18 93
TiOx-IPE 16 50 0.17 93
Xer-THF 11
TiO2/C-THF 13 75 021 102
TiO,-THF 14 63 0.23 103

2 Selon I’analyse de DRX en applicant I’équation de Scherrer ; ® surface spécifique ; ¢ volume poreux total ; ¢ diamétre moyen
BJH des pores calculé a partir de la courbe de desorption.

- r - 1 - 1 1 1 *r T °r T 7
OTiO2 Anatase (00-021-1272)
oTiOz Rutile (00-021-1276)

= PTFE Support

Intensity (Arbitrary Units)

Angle (26)

Figure R. 5 Diffractogrammes des xérogels, TiO:z et TiO2/C nanocomposites.

Les images MEB (Figure R. 6) des échantillons obtenues par la voie ‘Pr.O montrent le méme
genre de structure hiérarchique que celle observée en abscence de carbone : particules de
taille micrométrique formées a partir de nanoparticules. Dans le cas du THF comme donneur
d’oxygene, on observe aussi des nanoparticules formant des agglomérats, mais dans ce cas-ci,
les agglomerats ne sont plus spheriques mais plutot des blocs monolithiques. D’un point de
vue générale, il n‘y a pas de différences remarquables entre les morphologies obtenues par
pyrolyse et calcination.
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Figure R. 6 Micrographies MEB de TiO:-IPE (a,b), TiO2-THF (c,d), TiO2/C-IPE (e,f), TiO2/C-THF (g,h) a différents
grossissements (x25k et x150Kk).

Les nanocomposites TiO2/C ont été aussi analysés par MET (Figure R. 7). Ces
microghraphies mettent en évidence les plans correspondant au TiO> anatase et permettent de
constater la taille des particules primaires, i.e. 16,2 £ 5.7 nm pour TiO2/C-IPE et 12,5 + 3,3
nm pour TiO»/C-THF. Ces valeurs sont en accord avec la taille de cristallite déterminée par
DRX. Cette analyse souligne aussi la nature et la structure du carbon vis-a-vis des
nanoparticules de TiO,. Dans les deux cas, les particules de TiO> sont recouvertes
uniformement par un revétement de carbon amorphe, ainsi la présence des agglomérats de
carbone n’est pas observé. Pour les échantillons synthétisés a partir de THF, le revétement de
carbone présente une taille plus uniforme, par rapport a ceux obtenus par 'Pr20.

Figure R. 7 Micrographies MET de TiO2/C-IPE (a-d) et TiO2/C-THF (e-h) ; (b, d, f, h) ont été prises en champ noir
annulaire a angle élevé.

Ces nanocomposites ont été étudiés par spectroscopie Raman (Figure R. 8) et ont été
comparés a un noir de carbon, le méme utilisé lors de la préparation des ¢€lectrodes pour les
cyclages électrochimiques. De fagcon générale, les deux échantillons présentent les bandes D
et G, typiques des matériaux graphitiques ou partiellement graphitiques qui sont
respectivement observées a 1350 cm™ 4 1580 cm™ dans les cas classiques [278-280]. Pour les
¢chantillons TiO2/C-IPE et TiO,/C-THF, ce n’est pas le cas. La bande G est centrée a ca.
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1600 cm™ et il y a la formation d’une bosse a 1200 cm™'. Ce comportement a été rapporté par
Sadezky et al [281] lors d’une étude sur la suie et des matériaux carbonés. D’autres
publications demontrent que la bande D est composée de 4 bandes : D1, D2, D3 et D4 (1350;
1620; 1500 et 1200 cm™ respectivement) [281-283], dont D3 correspond au carbon amorphe.
La présence de ces bandes justifierait I’allure des spectres Raman obtenus. Ces analyses nous
conduisent a conclure a la formation d’un carbone partiellement graphitisé, mais surtout tres
désordonné et amorphe.

Intensity (Arbitrary Units)

\ M
H\
\ TiO,/C-IPE
/ \ \ TiO,/C-THF
_M,,,,./’“/ \.Msmm&
| [T SR TR TR (T T SR S| " | WY SRR O W VI VR HT
1000 1200 1400 1600 1800 2000

Wavenumber (cm™)
Figure R. 8 Spectre Raman des nanocomposites TiO2/C dans la région de 900 a 2000 cm™.

Une analyse comparant le role de la présence de carbon intrinséque (carbone issu de la
pyrolyse) et extrinséque (noir de carbone) lors de I’insertion de Li a été effectué par un
cyclage galvanostatique (Figure R. 9). Différentes compositions d’électrodes ont été
¢valuées ; dans tous les cas, le pourcentage de PVDF est resté le méme (Tableau 3). Toutes
les électrodes ont présenté le comportement classique d’insertion de lithium pour la phase
anatase de TiOx.

Tableau 3 Composition des électrodes.

. TiOZ Cextrinsé ue Cintrinsé ue P VDF

Echantillon Wt %) | vt %) | (wt%) | (wt%)
TiO-IPE-0CB 04 6
TiO,-THF-0CB 94 6
TiO,-IPE-18CB 76 8 6
TiO,-THF-18CB | 76 18 6
TiO,/C-IPE-12CB | 76 i) 6 6
TiO,/C-THF-0CB | 76 18 6
TiO,/C-IPE-OCB | 88 6 6

Les ¢lectrodes de TiO» préparés sans aucun carbon, obtenus par calcination du xérogel (i.e.
Ti02-IPE-0CB et TiO>-THF-0CB) présentent une chute importante de capacité a des faibles
densités de courant. Pour le cas de TiO2/C-THF-0CB, le carbon intrinséque, apporté par la
pyrolyse du xérogel, améliore la capacité¢ et la stabilit¢ de I’échantillon par rapport aux
derniers. Cependant, le carbon intrinséque dans le TiO,/C-IPE-OCB n’apporte pas une
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amélioration ; en effet, il montre des capacités semblables a celles obtenues par son
homologue calciné. Cet effet peut étre associé¢ au taux de carbon dans cet échantillon, il
contient seulement 1/3 de carbone par rapport a TiO»/C-THF-0OCB. Bien que le carbon
intrinséque montre une amélioration dans les performances électrochimiques, pour le cas du
nanocomposites TiO2/C-THF vis-a-vis son homologue calciné ; les électrodes contenant du
TiO2 et du carbone extrinseque montrent des meilleures capacités. Ce comportement suggere
que ce revétement carboné amorphe forme une couche de SEI qui empécherait une majeure
insertion de lithium.

(a)soo... ———r 1
‘16_3mAg'1: 168 mA g’ ! 336 mAg’
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Figure R. 9 Performances électrochimiques correspondant au cyclage avec différents densités de courant (C=335.6
mA-g!) pour une fenétre de potentiel de 1.2-2.5 V versus Li*/Li (les symboles pleins et ouverts correspondent 2 la
réduction —décharge- ou a I’oxydation —charge— respectivement).

Conclusions

En résumé, des nanoparticules de TiO> anatase mésoporeux avec une structure hiérarchique
ont été ¢laborées en utilisant la voie éther du sol-gel non-hydrolitique. Ces nanoparticules
présentent des tailles moyennes entre les 10 et 25 nm et forment des aggrégats sphériques qui
atteignent la taille de quelques microns. Ces sphéres microporeuses de TiO> montrent des
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perfomance ¢€lectrochimiques classiques. Des oxydes mixtes TiO2-V20s ont été préparés de la
méme fagon et conduisent a une amélioration de la conductivité électronique, mais la capacité
reversible au-dela du premier cycle n’a pas été améliorée par rapport au TiO». En plus, 1’ajout
de vanadium en quantités supérieures a 5 at% donne comme résultat la croissance des cristaux
de V20s, une réduction de la surface spécifique et aussi de la capacité spécifique de ces
matériaux.

Des nanocomposites TiO2/C ont été obtenus par pyrolyse des xérogels en convertissant en
carbone les sousproduits de la réaction de sol-gel non-hydrolytique utilisant ‘Pr.O et THF. Ces
matériaux présentent une structure composée des nanoparticules formant des agglomérats
spheriques pour le cas de 'Pr,O et des blocs monolithiques pour le THF. Ils présentent une
phase carbonée essentiellement amorphe avec certains domains graphitisés désordonnés. Les
cyclages galvanostatiques montrent une amélioration de la capacité et de la stabilité des
¢lectrodes formées a base des nanocomposites, par rapport aux analogues calcinés et sans
ajout de source de carbone extrinséque.

Il reste encore différentes approches a étre développées telles que la formation d’autres
oxydes mixtes, TiO-SnO> par exemple, ou encore [’'utilisation d’autres donneurs
d’oxygene/carbone pour le formation des nanocomposites TiOz/carbone.
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Non-hydrolytic sol-gel synthesis of TiO2-based electrode materials for Li-ion batteries

Non-hydrolytic sol-gel (NHSG) provides useful alternatives to conventional sol-gel routes. In
particular, the ether route based on the reaction of chloride or oxychloride precursors with
ether oxygen donors is a well-established method for the preparation of mesoporous oxides
and mixed-oxides. Li-ion batteries are ubiquitous in the field of electrochemical energy
storage, from mobile devices to electric and hybrid vehicles. However, commercial electrode
materials do not fulfill all the requirements needed for high-power applications. TiOz is as a
promising material to replace graphite anodes in high-power Li-ion batteries, despite its poor
electronic conductivity, which must be improved. In this context, the objective of this PhD
thesis is the conception of different TiO»-based electrode materials benefitting from NHSG
advantages. Two different approaches were developed, using the ether route in the absence of
any solvent or additive. First, hierarchical mesoporous oxides, TiO> and TiO»2-V,0s, were
synthesized by calcination of xerogels in air. Secondly, mesoporous nanocomposites built of
carbon-coated TiO2 nanoparticles were obtained by pyrolysis under argon of the xerogels; in
this case, the ether is used for the first time as both as an oxygen donor and a carbon source.
The texture and the structure of the resulting materials were characterized by N>
physisorption, electron microscopy, XRD, and Raman spectroscopy. TiO>/C samples were
further analyzed by TGA and '*C CPMAS-NMR. Galvanostatic cycling at different current
rates was performed to determine the electrochemical performances in lithium insertion-
deinsertion.

Keywords : Non-hydrolytic sol-gel ; Mesoporous materials ; TiO2-V20s mixed oxides ;
Ti0,/C nanocomposites ; TiO; anatase ; Lithium-ion batteries

Syntheése par chimie sol-gel non-hydrolytique de matériaux d’électrodes pour batteries
Li-ion a base de TiO2

Le procédé sol-gel non-hydrolytique (SGNH) offre une alternative intéressante au procédés
sol-gel classiques. Notamment, la « voie éther », impliquant la réaction de précurseurs
chlorures ou oxychlorures avec un éther comme donneur d’oxygene, est une méthode simple
et efficace pour la préparation d’oxydes et d’oxydes mixtes mésoporeux. Les batteries Li-ion
sont omniprésentes aussi bien dans des applications portables que pour des véhicules
¢lectriques ou hybrides. Cependant, les performances des électrodes commerciales sont
insuffisantes pour des applications haute puissance. TiO2 est un candidat prometteur pour
remplacer les anodes de graphite dans les batteries Li-ion, mais sa conductivité électronique
doit étre améliorée. L’objectif de ce travail de theése est d’utiliser les avantages du procédé
SGNH pour préparer des matériaux d’électrodes a base de TiO»2. Deux approches ont été
explorées, mettant en jeu la voie éther en 1’absence de tout solvant ou additif. Premiérement,
des oxydes mésoporeux a structure hiérarchique, TiO> et TiO2-V20s, ont été synthétisés par
calcination des xérogels. Deuxiemement, des nanocomposites mésoporeux constitués de
nanoparticules de TiO> recouvertes d’un film de carbone ont été obtenus par pyrolyse sous
atmosphere d’argon, 1’éther jouant le role de donneur d’oxygene et aussi, pour la premiére
fois, de source de carbone. Les matériaux ont été caracterisés par physisorption d’azote,
microscopie électronique, DRX, spectroscopie Raman, ATG ainsi que par RMN '*C CPMAS
pour les nanocomposites. Les performances en insertion-désinsertion du lithium ont été
étudiées par cyclage galvanostatique a différentes densités de courant.

Mots clés : Sol-gel non-hydrolytique ; Matériaux mésoporeux ; Oxydes mixtes TiO2-V70s ;
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