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Abstract

The main objective of this PhD project is to synthetize functional materials bearing
hierarchical architectures and specific properties from the nanoscale to the macroscale. For this
purpose, we use a transversal and cross-disciplinary method called Integrative Chemistry, which
combines chemistry, physical chemistry of complex fluids, and biomimetic processes. This
method allows us to control the shape and the structure of the materials at all scales and so to
obtain tailor-made hybrid inorganic-organic complex architectures. In consequence, it is possible
to design the materials as a function of the structure and properties required. In this project, we
decided to investigate how photovoltaic, photocatalytic and photoluminescence properties can be
modified/upgraded by a fine control of material hierarchical structure.

The first project included the synthesis of macroscopic fibers of zinc oxide (ZnO)
nanorods. We studied how the photoluminescence properties (in absorption and emission) could
be tuned as a function of the alignment of the nanorods inside the fibers.

In a second project, TiO, macroscopic fibers bearing a hierarchical porosity were
synthesized by integrating a multi-scale approach. These fibers have been tested for their
photocatalytic performances. Several compositions of solutions were preliminary tested in order
to optimize the photocatalytic properties, overall, and the influence of different structural
parameters was illustrated. From these results, the structural parameters were tuned (surface
roughness, porosity, diameter) and it was possible to synthesize TiO, macroscopic fibers using a
continuous spinning process. These fibers present photocatalytic performance which are similar
or even higher than those of the commercial product.

Finally, we were interested in Dye-Sensitized Solar Cells (DSSCs). The major drawback
of these cells is their short lifetime due to the leakage of the liquid electrolyte. Unlike most of the
research conducted on this topic, we decided to explore the possibility to design and assemble a
full solid state DSSC. As a result, my personal work was dedicated to investigate the Polypyrrole
which can be used as electrolyte and/or as electrode in these cells. Swollen Liquid Crystals
(SLCs) were used as a nanoreactor for the chemical polymerization of pyrrole with the aim to
obtain in fine aqueous suspensions of PPy nanosheets that could shaped as thin films. Films

obtained with these solutions on glass substrates are expected to be smooth.
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Preface

Preface

Shapes and functionalities are certainly the most effective tools employed when
considering reaction modes involved in nature and biologic systems. Chemical sciences,
historically speaking, firstly focused on composition of matter rather than on its shape. Thus, this
is only in the middle of the XIX century that emerged the notion of "isomery" where the
molecular structural formulae took the relay of the global one. Today, the notion of "shapes" is of
primary importance in chemical science. For instance we can take the case of carbon where
fullerenes and nanotubes (single and multi-walls) are offering divergent properties when
compared with graphite or diamond. We can also take the notion of "host and guest" employed in
molecular science and more precisely in supramolecular chemistry. Today, the society high
standard specific needs are pleading for chemists to conceive entities more and more complex,
multi-scales, multifunctional and enable of developing a certain degree of autonomy, taking
inspiration from Mother Nature. The chemical paths employed to generate such complex
architectures which bear a certain degree of complexity and certainly interdisciplinary, bio-
inspired or not. In the field of bio-inspired materials "integrative synthesis" has been proposed by
S. Mann as "the use of self-assembled organic templates (transcriptive synthesis), cooperative
assemblies of templates and building blocks (synergistic synthesis), spatially restricted reaction
fields (morpho-synthesis), and combinations of these approaches (integrative synthesis) in the
area of sol-gel chemistry"." This approach was further refined by C. Sanchez who summarized
perfectly the outstanding revolution in modern material chemistry: "recent data (...) have led to
new understanding of organic—organic or organic—mineral interfaces, allowing the controlled
design of new materials with complex or hierarchical structures. Synthetic pathways (...) concern
(i) transcription, using pre-organized or self-assembled molecular or supramolecular moulds of
an organic (possibly biological) or inorganic nature, used as templates to construct the material
by nanocasting and nanolithographic processes, (ii) synergetic assembly, co-assembling
molecular precursors and molecular moulds in situ; (iii) morphosynthesis, using chemical
transformations in confined geometries (microemulsions, micelles and vesicles) to produce
complex structures, and (iv) integrative synthesis, which combines all the previous methods to
produce materials having complex morphologies".* This concept was finally fully theorized when

enouncing the concept of "Integrative Chemistry" as "the integration of the sol-gel process,
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inorganic chemistry, lyotropic mesophases, supramolecular architectures, air-liquid foams,
biliquid foams, external fields, organic polymers, nanofunctionalization and nanotexturation, (...)
[, which] offers the possibility of achieving new architectures at various length scales and with
enhanced properties." Hence, Integrative Chemistry can be understood as a method for material
design where the initial bricks, relevant from many domains of chemical sciences, are connected
and assembled with the help of different driving forces (strong but static covalent bonds, weak
but dynamic intermolecular interactions) with the help of multi-scale reaction and structuring
mechanisms. In this regard and conceptually speaking, Integrative Chemistry is certainly the link
between the notions of "complexity in chemistry"* and the bio-inspired integrative synthesis.

It is in this vein of Integrative Chemistry that this PhD dissertation takes place. We will
treat sol-gel chemistry, polymer chemistry, along with the use of external macroscopic shaping
modes such as extrusion or spin coating and intrinsic ones, as mesoscopic lyotrope mesophases
templates. The whole synthetic modes will be driven to trigger enhanced properties of advanced
functional materials either in the fields of photonic, heterogeneous photocatalysis and
photovoltaic.

The first Chapter thus describes the general context and the issues related to the synthesis of
functional materials bearing hierarchical architectures. At first, we focus on nanoparticles
syntheses that constitute the nano-building blocks. In second, we discuss on mesoscopic and
macroscopic shaping modes that can be used to obtain the final architecture. Finally, we briefly
introduce how the internal structure of the material (crystalline structure for inorganic materials
and chain structure for organic materials) affects their properties.

During this PhD project, we have been attached to synthesize functional materials answering
to different objectives. The overall progression is iterative, where each new objective comprises a
new parameter compare to the previous one.

The first project described in Chapter 2 aims to validate the general “nano-manufacturing”
concept based on integrative chemistry by synthesizing zinc oxide (ZnO)/ polyvinyl alcohol
(PVA) macroscopic fibers. For this project, a swiveling synergy between the ZnO nanorods of a
same macroscopic fiber is created in order to tune their mechanical and photoluminescence
properties (in absorption and emission). Especially, we discuss how the anisotropy of both

components (material AND process) modify the final properties in a synergetic way.’
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In a second project, we introduce a new level of synergy, not only based on interactions
between components within a same fiber, but also induced between the materials composing the
fiber and the environment (air flux). More specifically, the influence of shape and nanostructure
on properties and process performance based on photocatalytic applications is illustrated.

In Chapter 3, we report the synthesis of TiO, macroscopic fibers bearing a hierarchical
porosity, through an integrative multi-scale approach. In this case, we study the influence of the
fibers structural parameters on their photocatalytic properties, the structural parameters being
adjusted by varying the formulation.® From these results, the best formulation to obtain the
highest photocatalytic performance is determined. Even though the performances cannot compare
with the commercial product, the main goal of this study was to explore how new synthetic paths
— investigated in the following chapter — can help to improve the photocatalytic properties
through a “knowledge-based design of functional materials” method, as defined by W.
Jaegermann (TUD, Germany, personal communication) instead of a pure trial and error one.

This approach, with the clear identification of meaningful parameters, results in Chapter 4,
in an improved synthesis method of catalytic fibers, which allowed us increasing photocatalytic
performances, by modifying overall the fiber hierarchical shape by on reducing their diameter
and increasing their porosity. The first part of this chapter is dedicated toward a new
manufacturing protocol which involves a spinneret smaller than the one used in Chap.3 and the
addition of polymer beads inside the starting solution, in order to enhance both surface
interaction and porosity. In a second part, we adapt a semi-industrial process, currently used for
the synthesis of Carbon nanotubes/PVA fibers, in order to reduce again the fibers diameter. In
this part, the structure/property relationship is discussed.

The last step, which is the multiscale integration of nanostructured functional materials
within devices, is illustrated in Chapter 5. In this Chapter, polypyrrole (PPy), a conducting
polymer, is synthesized using Swollen Liquid Crystals (SLCs) as a nanoreactor used for the
chemical polymerization of pyrrole.” For this purpose, a detailed study of the SLCs partial phase
diagram is conducted. The objective here is to obtain in fine aqueous suspensions of PPy
nanosheets that can be shaped as thin film or conducting patterns. As PPy can be used both as the
electrolyte and the counter-electrode of a full solid state Dye-Sensitized Solar Cell (DSSC), one

of the perspectives could be to integrate this component in such devices.
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Chapter 1: General context and objectives

As explained in the preface, materials properties are highly dependent on their architectures.
This phenomenon can be observed in nature where we can find materials which possess
architectures which confer to the organisms the best properties according to their need. For
example, diatom frustuls take advantage of their hierarchical porosity to ensure an optimized
matter transport. Also, nacre will be organized in flat-like calcium carbonate sheets in order to
increase its mechanical properties and to possess optical properties (iridescence). In this chapter,
we will present some techniques which allow designing materials architecture on demand. The
first part being dedicated towards nanoparticles syntheses and the second part dedicated towards
mesoscopic and macroscopic shaping modes. In a third part, we will briefly introduce how the
internal structure of the material (crystalline structure for inorganic materials and chain structure

for organic materials) affects their properties.
I. Soft and « sol-gel » chemistry applied at the synthesis of nanoparticles
I.1. Nano-particles syntheses without templating

1.1.1.  «Sol-gel » chemistry

L1.1.1. Hydrolysis and condensation reactions

This paragraph will present briefly the “sol-gel” synthesis process, which is frequently used
for material design going from the “solution to oxides”. The information presented in this part
has been in part extracted from the PhD thesis of N. Brun' and C. Leroy.” A more detailed
explanation of this synthetic path can be found in the books of Livage et. al.,>* Brinker et. al.,’
Hench et. al.® and Jolivet et. al.” The illustrations presented in this section are mostly referenced
from the book by Brinker.

The so called “sol-gel” process represents in its strict definition an inorganic polymerization
in solution. In this case, the sol is a colloidal dispersion (particles size in the range of 1-1000 nm)
made of either of molecular precursors that behave as monomers, or of pre-synthesized
nanoparticles acting as nanobuilding blocks, or a mixture of both. In most cases, the precursors
used in this reaction are metallic alkoxides (like Ti(OR)4 for TiO, precursor), which will first
react with water. This reaction is called the hydrolysis reaction (Figure 1) and, during this step,
alkyl groups (-OR) are progressively substituted by hydroxyl groups (-OH) in order to make the

species more reactive for the second step, that is, the propagation reaction, known as
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condensation. In order to achieve the hydrolysis reaction, the metallic alkoxide will be first
solvated by dipolar molecules. Then a nucleophilic substitution reaction will occur and lead to
the elimination of an alkyl group via the formation of the parent alcohol, as a result of a proton

transfer.

H
R
o+ R0—1\|4—0R4—> H™ "N 2 or| € [HO Q - /0+R0—1‘|4—0R
OR | “or N\ R OR

Figure 1. Hydrolysis reaction mechanism for an M (OR), alkoxyde type.

Depending on the initial precursor solvation and on the way it eliminates the protons, the
chemical formula of the hydrolyzed precursor becomes [MXymOmHomn]“™ ™™, M being the
transition metal, X an alkyl (OR), a halide or an oxyhalide, n the maximal number of coordinates,
m the number of coordinating water molecule, z the cation charge, and % the hydrolysis rate
(0=sh=2m). Depending on the % value, the precursor can be either an aquo complex [MX,.
m(OH2)m]“™ ™" for h=0, a hydroxo-aquo complex [MXym(OH2)m(OH)]“™ ™" for h<m, or a
hydroxo complex [MXp.m(OH)m]™" for h=m, an oxo-hydroxo complex [MXpm(OH)m(O)x] ™™
? for h>m, or an oxy complex [MX;.mOm]™™?" for h=2m. In consequence, the cation charge
and the pH of the solution are the determinant parameters of the hydrolysis rate, and so of the

chemical formula of the hydrolyzed precursor (Figure 2).

8
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Figure 2. Schematical representation of the stability domain of aquo, hydroxo and oxo ligands
according to the pH of the solution and the cation electric charge.’
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Once the alkoxides have been totally or partially hydrolyzed and contain hydroxyl groups,
they can react with each other through the condensation reaction. In the case of Ti(OR)4, the
precursor will immediately react in water, exothermically as the initial tetrahedral coordination of
Ti is unsaturated (Ti can possess a coordination of up to 6). Four mechanisms of condensation
reaction can occur: alkoxolation, oxolation, alcoholation and olation respectively presented in
Figure 3.a-d.

Unlike the alkoxolation and the oxolation reactions, the alcoholation and the olation
reactions can take advantage of the unsaturated molecular structure to create the inorganic
network. The alkoxolation and the olation take place between one hydrolyzed and one non-
hydrolyzed alkoxide, whereas the oxolation occurs between two hydrolyzed alkoxides and the

alcoholation between two non-hydrolyzed precursors.
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Figure 3. Condensation reaction mechanisms of a M(OR)4 alkoxyde type, (a) alkoxolation, (b)
oxolation, (c) alcoholation and (d) olation.

These single molecular reactions preside all reaction mechanisms occurring during a sol-gel
process, starting from molecular precursors to final solid materials. Therefore, the fine control of
these reactions, all along the different stages of a sol-gel reaction, is essential to control the final

materials shape obtained through this technique.
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11.1.2. Nanoparticles synthesis by sol-gel method and controlling parameters

The first step in the nanoparticles synthesis is the formation of a “zero-charge” precursor
with at least one hydroxo group, obtained from the initial pre-hydrolyzed precursors that had
been added into the reaction medium. Once such a hydrolyzed precursor is obtained, the lack of
electrostatic charges will avoid the electrostatic repulsions between precursors, and the presence
of the hydroxo group will allow the intermolecular coordination between precursors.

At this stage, the condensation reaction kinetic is really low due to the small amount of
hydrolyzed precursors in solution. As soon as the amount of these hydrolyzed precursors reaches
a critical concentration, the formation of a solid phase can take place. The formation of solid
nuclei (germ) is observed, which will constitute the second step of the nanoparticles synthesis,
known as the nucleation-and-growth mechanism. Beyond this stage, hydrolyzed precursors can
either create new nuclei, or react with pre-existing germs and contribute to their growth. The first
option is more costly in energy because a new liquid/solid interface has to be created with a
positive enthalpy, whereas the second is only relevant to the chemical reaction with a negative
reaction enthalpy. As the nuclei appear or grow, a consumption of the hydrolyzed precursors is
observed, which can contribute to lower the concentration in precursors below the critical value
required for the creation of new nuclei. At this stage, there is a competition between the kinetics
of creation of hydrolyzed precursors and that of their consumption in the formation, or growth of
the solid phase.

The third step corresponds to the growth of these nuclei. During this step, it is also possible
to observe the formation of new nuclei in parallel to the growth of the ones already present in
solution. The formation of new nuclei happens if the concentration in hydrolyzed precursors is
still above the critical concentration, and it will depend on the kinetics of the hydrolysis and
condensation reactions. Indeed, if the initial hydrolysis reaction is much faster than the
condensation reaction, the hydrolyzed precursors will not be consumed fast enough and new
nuclei will be formed. In the contrary, if the condensation reaction is much faster than the
hydrolysis reaction, only few nuclei will be formed at the beginning. Besides, all new hydrolyzed
precursors, as they appear, will be consumed by the particle growth before they reach again the
critical concentration required for the formation of new nuclei. With this condition, the nucleation
of particle seeds will happen in a first step, and all these seeds will grow in parallel, leading to a

final colloidal solution made of monodisperse particles. If both nucleation and particle growth are
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allowed to happen concomitantly, a colloidal solution made of polydisperse particles will be
obtained.

Once all precursors have reacted and the solid phase is formed, there is finally a fourth step
called the aging process, that includes three important mechanisms that can drastically affect the
structure/properties/processing of the final solid material: (i) an internal evolution of the metal
oxide framework with a continuous dehydration via oxolation reactions, (ii) a particle size
evolution through Oswald ripening where larger particles grow at the expenses of smaller one as
a result of differences in the surface energy of the liquid/solid curved interfaces, and (iii) the
formation of aggregates resulting from solid-solid physical interactions and helped with the
environmental hydrostatic pressure.

From this description we can conclude that several parameters will be determining for the
final size and shape of the nanoparticles. These parameters that are:

1. The choice of the metallic cation and the nature of its ligands is an important parameter

in controlling the kinetics of hydrolysis-condensation reaction. Nucleophilic attack of a
metal center by the hydroxo group of another precursor is the key factor in the
condensation reaction, but it can happen only if there is a “good” leaving group to
balance the additional coordination resulting from condensation. Control of both
nucleophilic attack and coordination balance is hence a key factor in controlling overall
the reaction.

2. For reactions involving metal alkoxides, the solvent is usually an alcohol, and water is
used as a reagent for the controlled hydrolysis of the alkoxide. Hence, pH is important as
it allows us to control the hydrolysis and condensation reactions kinetics by activating
catalytic acid or basic mechanisms. At low pH, the hydrolysis reaction will be favored
compared to the condensation reaction, which will be the opposite at high pH. In
consequence, small nanoparticles will be obtained when the pH is very low. As a result,
in order to synthetized 10 nm TiO, particles, we will operate the reaction in acidic
conditions (see Chapter 3).

3. The temperature allows for a thermodynamic control of the reactions kinetics (the higher
the temperature, the higher the reactions kinetics).

4. The solvent nature is also important because changing its polarity will modify its ability

to exchange protons (or not), hence will affect the substitution mechanism.
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5. Finally, an increase in the precursor concentration can also cause an increase of the
reactions kinetics due to the higher probability of the “collision” of two precursors in
solution.

In this part, the general principles of the sol-gel chemistry have been presented. Under mild
temperature conditions and without additives such as surfactants, this method leads either to gel
(polymeric network containing the inorganic component) or spherical particles, depending on the
control parameters listed above. As it has been discussed in this paragraph, the reaction is
influenced by five major parameters that direct the particles nucleation and growth. In this PhD
project, we adapted these parameters in order to, not only synthesize spherical nanoparticles, but
also to synthesize anisotropic ones. In this context, we adapted mostly the pH of the solution, the
nature of the ligands by adding shape controller, and/or on the temperature and pressure of the
system by using hydrothermal reactions. In the next paragraph, we describe how the use of shape

controller in sol-gel syntheses can allow one to switch from isotropic to anisotropic particles.

1.1.2. The influence of the ligands: shape controller

Shape controllers are components that allow controlling the shape of the final
nanoparticles by favoring preferential direction growth compared to others as a result of
modifying the intrinsic particles surface tension y;. Shape controllers are generally organic
molecules presenting specific ending groups like amino groups (-NH;) or carboxylate groups (—
COO-) which have a high affinity with the metallic cation.®” Once these groups are in presence
of the metallic precursor in solution, they will form complexes with the metallic cation, and by
doing so, modify the cation ligands.

Moreover, some ligands have the property to absorb preferentially onto some
crystallographic planes than others because they match better the surface charge density, which
results in surface poisoning that prevents the particle growth perpendicularly to the grafted plane.
As a consequence, it is possible to design the crystallographic structure of the particles and/or
their shape. By doing so, not only the hydrolysis/condensation reactions kinetics between
precursors are modified (see part 1.1.1.2) because of the presence of new ligands, but also the
growth direction. The growth direction is here affected by the modification of the reaction
between precursors and particle surface due to the presence and the nature of the ligands. For

example, Zheng et al.'® performed a study to show the influence on the capping agent (shape
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controller) alone on silver particles shape. They demonstrate that the addition of citrate or
poly(vinyl pyrrolidone) (PVP) in solution allowed them to selectively and routinely obtain either
nanoscale octahedrons enclosed by {111} facets, or nanocubes/nanobars covered by {100} facets

respectively (Figure 4).
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Figure 4. Schematic representation of the synthetic pathways for the selective synthesis of
either nanocubes or nanoscale octahedrons of silver nanoparticles by varying the nature of the
shape controller (scale bar: 20nm)."

The use of shape controllers is really efficient to shape nanoparticles, but the reaction itself
can be hampered by these ligands, and an additional driving force is often required to induce and
propagate the reaction. Therefore, many studies in the literature report on the use of various heat
sources such as hydrothermal, solvothermal, microwave and thermo-plasma syntheses. These

techniques are described in the following paragraph.

1.1.3. The influence of the temperature

1.1.3.1. Hydrothermal and solvothermal syntheses

Hydrothermal synthesis refers to a synthesis taking place in an aqueous medium at a
temperature over 100°C and at a pressure above 1bar. To perform such syntheses, it is necessary
to place the solution in a container that is able to resist at high pressure and high temperature in
order to avoid any leakage or breakage during the synthesis. Typically, the solution is placed into
a Telfon-lined stainless steel autoclave. Solvothermal synthesis refers to a synthesis that takes
place under the same conditions but in a solvent different than water. Hydrothermal or

solvothermal methods are stated as special type of chemical transport reaction. These methods
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are widely used in the preparation of nanostructures presenting specific shapes like 1D structure
(nanorods, nanotubes, or nanowires), nanoflowers, and nanoplates (see Figure 5).“_13 The
principal interest of this technique is to increase the solubility of the solids in solution by
generating a higher temperature and pressure above the critical point of the solvent. These
thermodynamic critical conditions allow almost every solid can become soluble or sensitive in

different solvents.

Figure 5. Some examples of SEM images of structures obtained through hydrothermal

syntheses: a) CulnSe, nanoplates, b) ZnIn,S, “marigold” flowers and ¢) ZnO nanorods.''

There are three main strategies to obtain crystals during hydrothermal synthesis."* The
temperature gradient method is the most standard method used for hydrothermal syntheses. In
this configuration, the reaction products are transported usually from the highest temperature
region (highest solubility) to the lowest temperature region (lowest solubility). This method is
especially convenient to recover the final product as the temperature gradient leads to the
separation of the reaction products. It has been observed that certain-metastable phases are
formed only in temperature gradients. With another method, the isothermal one, the reaction is
carried out at a constant temperature whith no temperature gradient. This method is usually used
for simple syntheses that do not require high transport efficiency. The temperature-decrease
method is a variation of the temperature gradient method. In this case, the cooling of the
container will induce a separation of the desired phase (saturated at a higher temperature) from
the rest of the solution upon cooling.

Shape controllers can be added to the starting solution than will undergo the hydrothermal/
solvothermal synthesis in order to obtain specific shapes.'” Although this method presents many

advantages for the synthesis of solid oxides, the time of the reaction is generally high and it can
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only work in batches. However, industrial zeolites are usually prepared via this route in large
quantities. In order to reduce the time of the synthesis, new methods have been developed like

microwaves assisted synthesis or thermo-plasma synthesis.

1.1.3.2.  Microwave-assisted syntheses

As for hydrothermal syntheses, microwave (MW)-assisted syntheses heat the solution in a
confined environment in order to create specific crystal structures with specific shapes.'® For this
type of synthesis, the heating process will occur through two main processes:

- the dipolar polarization, which consists in the dipoles motion due to the change of
direction of the electric field; it works generally well with polar solvent or reagents,

- the ionic conduction, consisting in ions movement and collision due to the change of
direction of the electric field; it works with the charged particles in solution.

When MW crosses a solution, dipoles present in this solution tend to align with the electric
field. As this field oscillates, dipoles try to re-align along the alternating electric-field streamlines
which creates both molecular friction (caused by the dipoles movement) and dielectric losses,
which are converted into heat. On the other hand, the ions within the solution will move along
with the change in direction of the electric field, which results in movement and collision,
generating heat too. Here, the ability of the dipoles and the ions to follow the change of direction
of the electric field will determine the amount of heat being generated. At too low frequency, the
dipoles and the ions can realign with the electric field, and no heat is generated. At too high
frequency, the dipoles and the ions have no time to align/oscillate/move properly and their
movements are dramatically reduced, which results in a decreasing of the amount of heat being
produced. In order to generate a maximum of heat for a minimum of power, the electric field
must be adapted to switch directions just before the dipoles are perfectly aligned. The frequency
of the MW must therefore be chosen carefully.

Compared to hydrothermal synthesis, the heat produced by MW does not involve a
convection process and is a result of a local molecular phenomenon, which makes the heating
much more homogeneous. In consequence, using MW dielectric heating as a non-classical energy
source has been shown to dramatically reduce processing times, increase the reproducibility,
increase product yields, and enhance product purity (by preventing unwanted side reactions) or

material properties.'’
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This method aim to replace conventional methods as hydrothermal syntheses, and literature

reports already on numerous structures, initially prepared by hydrothermal/solvothermal

18-20

syntheses, which were reproduced with MW assisted synthesis by now (Figure 6).
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Figure 6. Some examples of SEM images of structures obtained through Microwave assisted
syntheses: a) ZnO nanoflowers'®, b) Au nanorods'® and ¢) Cu nanoplates.*’

1.1.3.3. Thermo-plasma assisted syntheses

Nanoparticles can also be designed with more exotic techniques such as thermo-plasma
assisted syntheses. The principle of the technique is described in the following by taking as
example the synthesis of TiO, nanoparticles. First, a blowtorch creates a gas plasma that hits a
target containing the reaction precursor (titanium in our case). Fine titanium particles ejected in
the reaction chamber by this process will react with the oxygen, which is introduced in the
chamber as the reagent in order to form TiO, nanoparticles.

This technique is generally used when tailor-made particles presenting specific phases and
morphologies are needed. Among others, this technique was used to synthsize TiO, nanoparticles
with high precision and reproducibility as demonstrated in the study of Banerjee et al.*'. In
particular, they demonstrated that the phase ratio between the anatase phase and the rutile phase
could be tuned with the pressure of the chamber. This method could be then used to understand
the influence of each phase on photocatalytic or photovoltaic properties.

However, this method is quite expensive and can only be used in application where the
quality of the final product is more important than its price. For these reasons, hydrothermal/
solvothermal and MW assisted syntheses are preferentially used.

In this part, we have seen that there are several techniques that allow us to design both the

nature and the morphology of the nanoparticles, just by changing the physics and the chemistry
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of the solutions (ligands, pH, temperature, etc). However, other ways of designing the shape and
the texture of the nanoparticles have been explored by using other molecules/particles as template
for the growth of the particles. In the following part, we aim to give a general overview of these

techniques.

I.2. Nano-particles syntheses using templates

In this part we will discuss about the main types of templates that exist in the literature.
There are divided in two majors groups, the first one called “hard templates” and the other one
called “soft templates”. The template can act on the particles shape and texture in two different
ways: either the particles will grow onto/around the template (internal mold) and will adopt its
shape and texture, or the template will act as a confinement mold, within which particles will
grow and will be restricted by this external mold. The second pathway is generally used to build
macroscopic structure that act as a template for nanoparticles being synthesized within, and we
will not discuss it in this section. Here we will limit the discussion on the methods to control

nanoparticles morphology. Additional descriptions are discussed in part II.

1.2.1. «Hard templating »

Hard templates refer to solid and rigid templates. They are either discrete nanoparticles

(internal mold), or mesoscoporous or macroscoporous structures (external mold).

12.1.1. Discrete nanoparticles

Discrete nanoparticles are used for the synthesis of hollow particles that grow around the
template, this later being further removed to create an internal porous space. They exhibit usually
the same morphology as the template. Literature describes numerous porous materials
synthesized with the help of polymer beads as a template. Due to their ability to interact with
most of the sol-gel syntheses precursors, and since they can be easily eliminated by calcination,
they are widely used for the synthesis of inorganic hollow spheres. Here, the precursor molecules
and the particles concentrations have to be adjusted to obtain well-defined discrete hollow
spheres and not a porous solid. They have been especially used for the synthesis of metal oxide
capsules such as SiO,, TiO; or even mixed structures of different oxides obtained through sol-gel
reaction.”” > These hollow spheres present specific properties which make them appropriated for

their use as catalysts, optoelectronic devices, and drug delivery systems. Recently, particles with
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sharp edges, sharp corners, or rough surfaces have attracted more attention than spheres, because
it was demonstrated by Mahmoud ef al. that these particles are more efficient as catalysts than

hollow spheres due to their shape (see Figure 7).

Figure 7. a) SEM image of hollow titania spheres®, and b) TEM image of gold-palladium
hollow cubes.*

This method is quite powerful to create hollow nanoparticles, but it requires first the
synthesis of the same amount of nanoparticles used as templates. In consequence, for the

synthesis of hollow spheres in particular, soft templates will be generally preferred.

12.1.2. Mesoscopic structures

These structures refer to materials organized at a higher length scales (mesoscopic scale)
such as zeolites or filaments.

Zeolites are alumino-silicate structures formed by tetrahedras of (AlO4) and (SiO4)
containing water with the general formula: *’2*

[(Ml,le 2]. AlO,.ySi10,.zH,0 where M' = Li, Na, K, etc and M? = Mg, Ca, Sr, Ba, etc.

Zeolites pores and other “molecular sieves” like aluminophosphates or gallophosphates, are
arranged periodically within the structure with a pore size which varies from 3 to 10 A. Their
specific porosity confers them a very high specific surface area and very well-defined
micropores, and their hydrothermal resistance resulting from their crystalline walls, made some
zeolites to be commercialized as adsorbents, catalysts, or ions exchange media. They are also
used as templates to create microporous structures in order to increase the specific surface area of

29731 Indeed, the specific surface area is one of the most important

nanoparticles (see Figure 8.a).
parameter when it comes to catalysis, drug loading or photovoltaic applications among others. In
particular, zeolite seeds have been used in combination with spherical particles in order to create

porous capsules presenting a zeolite morphology.*
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In this category, we can also notice that preformed filaments or fibers are used in order to
obtain 1D mesoscopic structure. These 1D-structures are also quite important in the field because,
as for zeolites, their specific surface area is very high due to the surface over volume ratio, and

they can be also used when anisotropic properties are required (see Figure 8.b)).*

Figure 8. a) SEM image of carbon structure synthesized using zeolites as template, and b) TEM
image of Al,Os fibers made from cotton fibers as bio-template.”'*

In conclusion we observe that the hard template technique is quite reliable to create particles
with different shapes and properties, or porous materials. However, because they require the
synthesis of sacrificial nanoparticles prior to their own synthesis, soft templates are often
preferred to synthesize these structures. In the following part, we will explain what soft templates
are and how they can be used to create nanoparticles in a one step process. The synthesis of 3D

mesoporous and macroporous structures will be discussed later on in part I1.1.2.

1.2.2.  « Soft templating » as chemical reactors

1.2.2.1. Emulsions

> Basic notions: physical-chemistry of complex fluids bi-phasic systems

In the literature, we can find two categories of bi-phasic system composed of two non-
miscible phases: foams (air-liquid foam) and emulsions (bi-liquid foam). Foams and emulsions
are ternary systems which are composed of an aqueous phase (or polar phase), of amphiphilic
molecules (or particles), and of a non-miscible phase in water (air in the case of foams and an
oily phase in the case of emulsions).® In order to create a bi-phasic system from these non-
miscible phases, it is necessary to add energy into the system, which is generally a mechanical
energy. During the vigorous mixing, interface will be created and optimized between the two

non-miscible phases, where the minor phase will be dispersed as droplets within the major one
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(continuous). The amphiphilic molecules (or particles) will act in this case as the interface
stabilizer. Here we will present more especially the case where the interface stabilizers are
surfactants.

The cohesion of a liquid is due to molecular attractive forces such as Van der Waals forces
and hydrogen bonds. In consequence, in order to create an interface between two non-miscible
phases like an aqueous phase and an oily phase, it is necessary to add energy into the system to
break the attractive forces present in each phase. Moreover, in order to stabilize the interface
created, it is necessary to add a component with affinity for both phases, which will act as a
“buffer” and provide the cohesion of the bi-phasic system: surfactants molecules. These
molecules will tend to lower the energy required to break intermolecular bonds per unit of surface
created.

Surfactants molecules are amphiphilic molecules that contain a hydrophilic head and a
hydrophobic tail. When introduced in an aqueous solution, they first remain at the surface with
the hydrophilic head facing the water and the hydrophobic tail exposed to air (with air behaving
like a hydrophobic medium). As their concentration increases, these molecules will agglomerate
in solution, forming spherical structures, known as micelles, made of a hydrophobic tail core,
surrounded by a hydrophilic head. The concentration at which the micelle forms is called the
critical micelle concentration (CMC).* There are two types of emulsions depending on the nature
of the continuous phase. “Direct” emulsions are made of droplets of oil in a continuous water
media, and “reverse” emulsions are made of droplets of water in a continuous oily media (Figure
9). Although the interface is fairly easy to create, this system is thermodynamically metastable,
the equilibrium state being a phase separation state. There are four principal mechanisms that
lead to the progressive evolution of the system towards phase separation: Oswald ripening,
flocculation, creaming (or sedimentation) and coalescence.”® Ostwald ripening describes the
process where the content of the smaller droplets will diffuse inside the content of bigger droplets
through the continuous media. In this case, the higher pressure inside the smaller droplets
(Laplace law) is the reason for this diffusion. A simple way to prevent this phenomenon is to
choose two phases that are highly insoluble in order to avoid the diffusion of the droplets content
within the continuous media, or to choose carefully the surfactant in order to decrease the surface

energy.
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Figure 9. Schematic representation of a) a direct emulsion, and b) a reverse emulsion.

The flocculation process represents the agglomeration of the droplets into grapes as a result
of attractive Van der Waals forces and Brownian movement. Creaming and sedimentation have
for origin the gravity force. Due to the difference of density between the continuous phase and
the droplets, if the droplets are denser than the continuous phase, they will be attracted towards
the inferior part of the container (sedimentation), otherwise they will be attracted towards the
superior part of the container (creaming). In order to avoid this evolution, the viscosity of the
continuous phase can be increased in order to increase its resistance to the droplet movement.
Also, if the system is maintained in permanent motion —shaked-, the forces that keep droplets in
motion can overcome the gravity forces and prevent any sedimentation or creaming. Finally, the
coalescence, which refers to the merging of two droplets as a result of the disappearance of the
film that kept them separated, can destabilize an emulsion. This phenomenon is the worse
because it is not reversible, but it can be reduced dramatically by choosing carefully the
surfactant(s) that composed the interfacial film. Typically, the size of the droplets of an emulsion
are comprised between 0.1 and 100 pm but it can go up to the millimeter under certain

experimental conditions, especially when dealing with Pickering based emulsions.*®

> Emulsions used for the synthesis of discrete particles

These emulsions have been used in particular for the one-step synthesis of hierarchically
porous capsules, which makes them more attractive than hard sphere templates. In this context,
Schacht et al. reported the synthesis of spherical capsules with a mesoporous shell filled with oil
using a direct emulsion as template in 1996.%” This concept has been developed later by using
inverse emulsion®® and has been recently improved in order to create capsules with several

compar‘[ments.39
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50 um

Figure 10. SEM images of multi-compartments capsules, a) polymer capsules (scale bar
40um),* and b) Wax@Water@SiO2 capsules.*

These latest capsules have a great interest for the medical field and especially for
multitherapy. As for the hard template method, a lot of different varieties of capsules where

reported which can be used for catalysis and medical applications (Figure 10).**

1.2.2.2.  Liquid crystals and Swollen Liquid Crystals (liquid-liquid interfaces)

Introducing surfactant in a solution above the CMC allows for the formation of micelles, but
increasing further the concentration leads to gel-like ordered structures of this surfactant called
lyotropic phases. They present specific long range organization and cubic, hexagonal, lamellar or
sponge-like geometries (Figure 11).*' These systems are called liquid crystals. Unlike the sponge-
like phase, the cubic, the hexagonal and the lamellar phases present well-ordered high periodicity
structures. However, the sponge-like structure still possesses a high periodicity with a

characteristic feature dimension and a bilayer structure.

d)

Figure 11. Schematic representation of a) a micelle of a direct emulsion, b) a cubic phase, c) a
hexagonal phase, d) a lamellar phase, and ¢) a sponge phase.*'

Micellar phases can be found for different surfactant concentrations. Direct micellar phase
are generally observed at low concentration of surfactant. As the concentration in surfactant

increases, the number of micelles will increase and they can possibly pack into a crystal structure
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with a cubic packing symmetry. As the surfactant concentration increases, the new surfactant
molecules will be adapted by the micelles with a lengthening of these spherical micelles into rod-
like micelles. Compared with spherical micelles, the rod-like objects have lost one degree of
curvature. As surfactant concentration increases, the rod-like micelles will elongate more and
pack according to a hexagonal symmetry, giving the so-called hexagonal phases. Adding more
surfactant molecules will suppress the second degree of curvature, and surfactants will pack into
bilayers with the hydrophilic head being exposed to water, as lamellar phases. These lamellar
phases correspond to supermolecular aggregates of surfactant molecules, forming layers with
large shape anisotropy. This latter structure is often placed right next to the sponge phase in the
phase diagram, which can be described basically as a microstructure with a surfactant bilayer of
multiply connected topology separating two solvent domains over macroscopic distances.
Compared with lamellar phases that have no curvature degrees, sponge-like phases contain
opposed curvatures, and are structured as minimum energy interfaces called giroid surfaces.
These liquid crystals (LC) are usually biphasic systems made of water and surfactants.

Swollen Liquid Crystals (SLCs) are a combination of microemulsions and liquid crystals.
We can say that Swollen Liquid Crystals are to the Liquid Crystals what microemulsions are to
micelles. As a result, and unlike binary LCs, SLC structures swell to a larger size by the addition
of an oil phase that resides within the surfactant hydrophobic structures** (Figure 12). Moreover,
another important difference is the addition of a cosurfactant, used as a wedge being intercalated
between the surfactant molecules, that helps in defining the liquid crystal structure, making SLCs

a quaternary system involving water, surfactant, oil, and cosurfactant.

IR

e

Figure 12. Swollen Liquid Crystal Phases (a) Hexagonal Phase, (b) Lamellar Phase.*

As mentioned above, the stability of the water-oil interface is insured by surfactant
molecules, which are generally ionic and cosurfactant that helps to design the cylinder size. In

this case, the repulsive forces between the ionic heads of the surfactant molecules in the structure
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walls must be taken into account for the stabilization of the structure.** For example, decreasing
(resp. increasing) the radius curvature (resp. the cylinder diameter) of the SLCs, will contribute to
increase the closeness of the ionic heads, hence the repulsive forces between them. It is therefore
necessary to compensate this force by introducing new components that can shield this repulsive
interaction, and stabilize the structure. Hence, we see that the design of the SLC will require a
fine balance between the solvent swelling the cylinders (cyclohexane), the cosurfactant (1-
pentanol) that helps to set the cylinder curvature radius, and an additive (a salt) that will screen
the repulsive interactions between ionic surfactant heads, which result from a specific curvature
radius. This last parameter has to be adjusted carefully because an excessive amount of salt can
result in the molecules flocculation and so in the destabilization of the system.

In order to adjust the salt concentration of the solution, it has to be taken into consideration
that it is not the salt concentration which matter but the ionic charge concentration.** The ionic

strength is calculated according to the equation:

1 n
I=§Z iz}

i=1

where ¢; is the molar concentration of ion i (mol/L), z; is the charge number of that ion, and
the sum is taken over all ions in the solution. It has been demonstrated that the nature of the salt
does not have any impact on the SLCs, the only important parameter being the ionic force.
Moreover, the nature of the surfactant molecules is in general not important as long as the
concentration is adjusted in order to have a water-over-surfactant ratio of 40.** However, in
strong acidic media, cationic surfactant like CTAB will be preferably used because anionic
surfactants like SDS become protonated and lose their ionic characteristics. These structures have
already been used as reactors to synthesize material with specific shapes such as Pt nanorods,
zirconia needles, or polymers (Figure 13).**¢ Recently, Lee et. al.*’ show the synthesis of PPy
nanosheets in a hexagonal lyotropic phase using CTAB as surfactant, cyclohexane as the oil
phase and 1-pentanol as co-surfactant. However, the hexagonal phase is really sensitive to the
surfactant amount which makes it difficult to synthesize and, because of the viscosity of this

phase, the polymerization reaction can take weeks if the solution is left at rest and unstirred.

In this section, we presented the different methods that allow for the synthesis of

nanoparticles with and without the use of templates. In the next section, we will present the
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techniques that will allow us obtaining macroscopic structures with hierarchical architectures
either in a one-step process (bottom-up approach), or in a two steps process where the
nanoparticles are synthesized prior to their structuring at the macroscopic scale (nano-building

block or nanotectonic approach).

Figure 13. TEM images of a) Pt nanorods and c¢) polymer nanorods (scale bar: 100nm), and b)
SEM image of Zirconia needles.***°

II. Design of materials bearing specific architectures

I1.1. Design of 3-D macroscopic structures
The synthesis of such 3D structures can be realized with the use of hard templates and soft
templates as for discrete nanoparticles. This paragraph will present the most popular techniques

used in the literature but it is not exhaustive due to the high diversity of the existing techniques.

II.1.1. Hard template

II.1.1.1. Natural and home-made macrostructures

As for discrete nanoparticles, macroscopic structures bearing hierarchical porosity can be
synthesized using hard templates found in nature. This technique was first implemented by Mann
et al. in 1997 who used a bacteria made of co-aligned filaments (Bacillus Subtilis) in order to
obtain macroporous fibers made of silica (Figure 14.a)-b)).** Later on, other templates such as
frustule diatom or Cuttlebone-Derived Organic Matrix were used to obtain architectures with a
hierarchical porosity.*~° For all these systems, the principle is to impregnate the natural structure
with the sol precursor of the material desired, and to trigger the sol-gel reaction. Although natural

materials allow the synthesis of interesting structures, some applications require specific
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structures that cannot be synthesized by this method because of the lack of suitable templates in
nature. That is why, in most cases tailor-made templates are employed, where rational design can
be reached.

We can distinguish two main types of inorganic tailor-made templates: alumina templates
and silica templates. They are commonly used as inorganic templates, which can be dissolved
afterwards through HF or alkaline etching, if needed. Alumina templates are generally made from
aluminum Anodisc® membranes made from anodized aluminum.’' These small discs exhibit a
very well define porosity with non-connecting straights pores aligned perpendicularly to the
membrane surface. Therefore, these pores have been used as external templates in many
syntheses of 1D objects (nanorods, nanotubes), with this template being removed after reaction
by using a concentrated Sodium Hydroxide (NaOH) solution (Figure 14.c)).”

Silica templates are generally synthesized using soft-templates methods (see paragraph
I.1.2), by surfactants or block copolymer templating (see paragraph IL.1.1.2.), or by
impregnation of a 3D arrangement of spherical particles (see paragraph 11.2.2.).The variety of
architectures, and facile removal with HF etching, makes silica a better mold than alumina
templates. These structures have been mainly used for the synthesis of architectures presenting a

hierarchical porosity.”

Figure 14. SEM images of a silica scaffold made using a Bacillus Subtilis as template a) exterior
view, and b) cross-section of the fiber.*® ¢) TEM image of an isolated CoPt nanowire obtain
thanks to an alumina scaffold.’!

This technique is quite powerful but, as for discrete particles, it involves the elimination of
the template, which is not always straightforward and harmless for the new synthesized structure.
That is why soft templates are generally preferred for such syntheses, where the removal of the
template once the chemical reaction is finished, can be obtained through simple calcination

treatment in air.
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11.1.1.2. Block copolymers

As ionic surfactants, block copolymers present amphiphilic properties with the ability to
form hexagonal, lamellar and sponge phases. The difference in templating, between ionic
surfactants and copolymers, is the result of a broader family of copolymers, in nature, structure
and size, that make them a more versatile group to achieve a larger domain of structures and pore
size. Another advantage of block-copolymer, compared to ionic surfactant-based liquid crystals,
is the rigid structure that results from their assembly, which allows the templating structure
resisting the stress and strain resulting from the inorganic polycondensation reaction.

The first use of blockcopolymers as templates for mesoporous silica was reported by
Bagshaw ef al.>* with Pluronic® 64L, and was expanded to other templates, inorganic materials,
and structures. An example of a 3D wormhole mesoporous structure obtained with copolymers is
displayed in Figure 15. Yang et al.” obtained numerous well-organized mesoporous structures of
several oxides: TiO:, ZrO., ALLOs, Nb.Os, Ta:0s, WOs, HfO., SnO., and mixed oxides SiAlOss,
SiTiOs, ZrTiOs, ALTiOs and ZrW:0s. Later on, this technique was also combined with
macroporous templates for the synthesis of alumina and silica monoliths presenting a hierarchical
porosity.”®>” For these materials, the block copolymer named “Pluronic®” was inserted into
foams made of polyurethane in order to add some mesoporosity to the structure. This technique
was later on largely explored for the structuring of the TiO, photoanode for Dye-Sensitized Solar
Cells application. In the case of TiO, structuring, Pluronic® P123 is generally chosen as block
copolymer and TiCly as precursor of the titania framework. TiCly in this case is attracted by the
hydrophilic block of the co-polymer (ethylene oxide). The application of these mesoporous
structure in DSSC was first reported by Kartini et al. in 2004,”® and it exhibited a specific surface
area around 150 m2.g'with a mixed crystalline structure of rutile, anatase, and brookite. This

59-61

process was improved later on by increasing the number of coated layers, adjusting the

* and improving the coating method ® (screen printing in place of dip

sintering temperature,’
coating). However, this templating method alone only gives cell photoefficiency around 5%.
Until now, the best efficiencies (around 10%) are obtained for the cells where this templating
method is combined with other techniques. These techniques are: the addition of additives
(binders, surfactants) in the initial paste, the application of a TiClsy post treatment after the
calcination process, and the addition of a scattering layer on top of the photoanode to ensure a

better light trapping, among others.
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Figure 15. SEM image of a mesoporous structure synthesized with block copolymer
templating.”’

Unlike the hard template methods, which require an aggressive treatment for withdrawing
the template, soft template techniques offer the advantage of mild conditions for the template

removal, which prevent any post-synthesis degradation of the final material.

II.1.2. Soft template

As we can sense with the subtitle, “soft template” will make the use of molds coming from
the fluid complex scientific domains where none external field will be applied dealing with

extrusion, dip coating, spin coating and so forth.

11.1.2.1. Air-liquid foams

Macrostructures with hierarchical porosity can be obtained by using foams systems. The
principle is the same than the use of emulsions as templates, but the biphasic liquid-liquid phase
is now replaced by a biphasis liquid-gas phase. The first group working on this was G. L.
Messing and coll. in 1990.°* In this study, the foaming of the solution was induced by of Freon
boiling, which was initially introduced at low temperature as a liquid. Once the foam had been
created, the sol-gel reaction was triggered. It was only in 1999 that S.A. Bagshaw® synthesized
hierarchically porous macrostructures resulting from foams, with the foam simply resulting from
mechanical stirring of an aqueous solution containing non-ionic surfactants. Later on, other
processes were used to form foams such as commercial foam spray,’® that allowed for the
combined injection of solution containing both the precursor of the sol-gel reaction along with
the surfactant responsible for the creation of the foam, and the size of the pores was about
300um. A promising method to form foams at room temperature was proposed by Livage in

2002%” who used bubbling oxygen gas produced in situ through a viscous vanadium oxide gel in
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order to create vanadium oxide foams. The bubbling oxygen was created through the
decomposition of H,O, within the solution and the volume could reach up to 2.5L in less than
30min (Figure 16.a). The in-situ generation of gas was a promising concept for scale-up, but
those foams demonstrated poor mechanical properties.

Finally, Carn et al. developed a technique that allowed controlling the pores size, pore
shapes as well as the thickness and the length of the foam’s Plateau border by introducing an
insoluble gas in the inorganic sol coming through a sintered glass.®® Varying the different
parameters such as the diameter of the pores of the sintered glass and composition of the solution,
monoliths architecture were prepared with a good shape control at all length scales (Figure

16.b)).

Figure 16. a) Picture of a Vanadium oxide foam obtain through the bubbling induced by H,O,
decomposition.”” SEM images of inorganic foams synthesized by injection of an insoluble gas in
inorganic sols: b) TiO, foam and c) SiO; foam. From F. Carn, Thesis of the Universit¢ Bordeaux
1,2006.”

In parallel, the supercritical CO, foaming method was developed in the 1990’s to synthesize

. . 1
polymeric microcellular foams.”"”

The principle is the same that the one proposed by Livage et
al. except that the foaming agent is the CO,_ It is inserted at the beginning of the experiment in its
liquid state, under a pressure ranging between 50-300bars. Then, the pressure of the chamber is
lowered after the polymerization was triggered which is responsible for the formation of CO,
bubbles in situ leading to the formation of a porous structure. This method has been already
adapted for a wide range of polymers (polyurethane, poly(methyl methacrylate), polystyrene)’"*
and is even currently used in industry.

We have seen that this method presents a lot of advantages for the formation of monoliths
with controlled pore size and geometry. However, these types of structures remain fragile, which
limits their domain of application. In this context, emulsions are generally preferred for the

synthesis of monoliths.
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11.1.2.2. High Internal Phase Emulsion (HIPE)

It is possible to form macroscopic structures bearing macropores, mesopores and micropores
from concentrated emulsions by combining/integrating different methods and processes. As
presented in the section 1.2.2., it is possible to form either micelles or liquid crystals with ternary
system oil/water/surfactants which are used for the synthesis of discrete particles or
mesostructured architectures. It was reported in parallel that High Internal Phase Emulsions
commonly named HIPE, can be used to create macrostructures from emulsions.” These HIPE
structures are obtained with microemulsions, when the volume fraction of the internal phase of
the microemulsions becomes higher than 50% of the total volume. In this case, the micelles pack
into a random compact arrangement of droplets of different size. If the continuous organic phase
contains entities that can be polymerized, the whole structure can be frozen by polymerization,
and a very open structure is obtained after water extraction.

Here, the interface between the aqueous and the non-miscible phase will act as a defect site
for the system as it will represent a low energy zone minimizing the nucleation enthalpy.’® If we
introduce an organometallic precursor (metal alkoxide) in the organic phase, this precursor will
start to react at the water/oil interface, the droplet being considered as a reservoir for the chemical
reactor. In the case of a concentrated emulsion (HIPE), the reactors are close to each other and, as
the inorganic framework resulting from the hydrolysis of the inorganic precursors will percolate
and form a monolith structure. This method was used initially with polymers, by D. Barby et al.
in 1982 for the synthesis of a macrocellular organic material with a hierarchical interconnected
porosity named “polyHIPE”.”” This concept was later adapted to the sol-gel synthesis by A.
Araya in 1989."® Since then, a lot of different types of HIPE were synthetized. The development
of HIPE based on silica (called “SiHIPE”) was developed by F. Carn ef al. in 2004.” The
macropores diameter of these structures, between 500 nm and 1 pm, was controlled by adjusting
the volume fraction of the aqueous phase inside the droplet during the synthesis (Figure 17).
Moreover, these structures exhibit a secondary porosity of 2-3 nm which confer them a high
specific surface area.

As a result of their high surface area and their interconnected porosity, Si-HIPE are often
used in combination with other materials for many applications. For example, they have been

80,81

used as a simple support, which is functionalized with specific particles or molecules. As an

example, Brun er al.' functionalized Si-HIPE with Europium (III) ion, palladium, or even
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enzymes for applications in luminescence or heterogeneous catalysis (biodiesel synthesis). They
synthesized also different frameworks from HIPE systems such as carbon, which was
functionalized with LiBHy ions for hydrogen storage application.*” It appears that HIPE structure
is a powerful tool to create macroscopic architectures bearing a hierarchical porosity used for
many purposes.”> However, one drawback is that the inorganic materials resulting from this
synthetic route, display low mechanical properties, and the whole architecture collapses even
under moderate mechanical stress. Therefore, TiO; based poly-HIPE materials can hardly be used
in current applications, and other routes have still to be explored to create more robust self-

standing macrostructures.

Figure 17. SEM pictures of « Si(HIPE)s » showing the influence of the oil volumic fraction on
the porosity. The volumic fraction of the oil (dodecane) is respectively (a) 0,55 ; (b) 0,59 ; (¢)
0,62; et (d) 0,68. From F. Carn, Thesis of the Université Bordeaux 1, 2006.%

In this section, we presented the synthesis pathways for 3D macrostructures. However, for

many applications, thin films present many advantages due to their low thickness, an interesting

feature when a high surface over volume ratio or a high light transmittance is required.

I1.2. Design of 2-D macroscopic structures
In this section, we will present the different techniques used for the synthesis of thin films.
The first part will focus on the most known techniques, and the second part will describe more
especially the formation of films with optical/photonic property. This property is indeed

interesting in many applications ranging from photonic to photovoltaic or even photocatalysis.
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11.2.1. Major techniques to create a film

11.2.1.1. Evaporation (dip coating and drop casting)

Solvent evaporation is one of the most common techniques to obtain organized and
structured films. At this stage, we have to distinguish two types of structurating mechanisms,
with (i) films made from self-assembled pre-synthesized spherical particles, used generally as
hard template, and (ii) films made from self-assembled micelles and inorganic precursors used as

soft templates.

» Films structured with surfactant molecules

Mesostructured films made from a mixture of surfactant molecules and inorganic precursors,
result from the organization of the matter induced by solvent evaporation, with the parallel self-
assembly of surfactant as Liquid Crystals upon concentration increasing. As the solvent
evaporates, the concentration of surfactant molecules inside the system increases, which has for
consequence the organization of the surfactant molecules into mesophases ranging from micelles
to hexagonal, lamellar or sponge mesophase. This method, called Evaporation Induced Self-
Assembly (EISA) was introduced by Brinker ez al. in 1999** and developed by Grosso at al.
afterwards. They highlighted how the viscosity of the solution allowed them to adjust the
evaporation kinetics, hence and the film structure and thickness. The thinnest films are obtained
with a low viscosity solution when the surfactant concentration is below the CMC. In this case,
only few seconds are necessary to evaporate the solvent and create a film. The EISA method is
often combined with other methods such as dip-coating, Doctor-Blade, spin-coating or inkjet
printing techniques. Here, these techniques only play the role of shaping techniques and they will

be described in the following paragraphs.

> Films structured with spherical nanoparticles

In the case of pre-synthesized nanoparticles, with particles dispersed in solution, the film can
be obtained through several deposition methods. Among them, we can distinguish the horizontal
deposition (drop casting) and the vertical deposition (dip coating) (Figure 18.a)-b)). In this case,
the technique used is not simply a shaping technique but its choice impacts also the coating
processes, as explained below.

The drop casting method consists in the deposition of some droplets of a solution containing

particles on a flat substrate. In this case, the solvent from the solution will evaporate and the
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particles concentration will locally increase near the edges of the droplet, which will magnify the
attractive forces between the particles. This leads to the formation of a particles network and of a
homogeneous film. This method has been especially developed by Denkov et al. for the
formation of close packed structures of spherical particles.® Because this technique is based on
the increase of particles concentration on the droplet borders, it can only be used with solutions
where the particles diffusion kinetic is slower to the solvent evaporation kinetic.

a) b)

substrate
Pipette

N

7

substrate

Figure 18. Representation of a) the drop casting process and b) the dip coating process.

With the dip-coating method, the solvent wets the substrate surface, leading to the formation
of a meniscus. The solvent evaporation makes particles diffusing towards the meniscus, where
they settle onto the substrate surface. In this case, the solvent evaporation kinetics should be
higher than the particles deposition kinetics. This method has been widely used for the deposition
of spherical particles arrangement since its development by Dimitrov et al.*® and by Jiang et al.”’
Although, this method gives quite homogeneous films within the micrometer range (2-7 um) due
to the homogeneous dimension of the meniscus during the process, the thickness of the film can
vary of about 10% due to the increase of the particles concentration with the time.*’

In both cases, the affinity between the solvent and the particles, the particles concentration,

the nature and the evaporation kinetic of the solvent, and the viscosity of the solution are key

parameters to define the thickness and geometry of the film deposited.

11.2.1.2. Doctor Blade (tape casting)

Doctor blade (or tape casting) is one of the most widely used techniques for producing thin
films on large surface areas. This technique aims to create a film of desired particles from a well-

mixed slurry containing these particles along with other additives (such as binders, dispersants or
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plasticizers). In this technique, thickness spacers limit the area of the substrate where a film is
created. The blade is positioned at one end of the substrate leaning on the spacers (Figure 19).
Finally, the slurry is deposited in excess on the substrate — or in a mobile container linked to the
blade - and the blade is put in movement relatively to the substrate. The movement is stopped
when the blade reaches the other end of the substrate, once all the excess of slurry has been
removed from the desired area. At the end of the process, the spacers are removed from the

substrate and the edges of the films are cleaned to obtain a well-defined area.®®

e

substrate
—d

Figure 19. Representation of the Doctor blade method.

blade

solution
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This technique was first developed in the 1940’s by Howatt et al. in order to obtain thin
sheets of piezoelectric materials and capacitors® and is now an accepted precision coating
method. Several parameters will affect the thickness of the film: the speed of the blade, the
thickness of the spacers, the solvent concentration and the viscosity of the slurry. Typically, the
speed of the blade can operate up to several meters per minute and the thickness of the film varies

from few microns to several hundred microns.””

11.2.1.3. Spin Coating

The spin coating process consists in the formation of a uniform film thanks to centrifuge
forces. For this process, the substrate is held firmly on a rotating plate and spun at rather high
speed. There are four major steps during the process: (i) the particle containing solution is poured
onto the substrate; (ii) the spinning accelerates and the slurry is spread non-uniformly on the
substrate, with the excess moving towards the edges; (iii) the excess of solution is wiped out from
the substrate and only a uniform wet film remains; iv) the solvent evaporates with the air flux
resulting from spinning, and a solid uniform film is obtained (Figure 20).

The key parameters that will influence the film thickness are the spinning speed, the solvent

concentration within the initial solution and the viscosity of the solution. Typically, spin coater
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apparatus can rotate up to 10,000 rpm and the thickness of the films obtained can vary from 10

- 91
nm up to several tens of micrometers.

Solution container

e
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Figure 20. Scheme representing the spin-coating process.

11.2.1.4. Inkjet printing

Inkjet printing is a printing technique where there is no contact between the printing head
and the substrate. In this process, small drops of the printing solution (few picoliters) are
deposited onto the substrate by nozzles in order to form patterns (Figure 21). Historically,
continuous inkjet technique (CIJ) was the first inkjet printing technology. The idea behind the
process was not new at that time as it was patented by Lord Kelvin in 1867. In this technique,
electrostatic forces are used to control the release of ink drops onto a sheet of paper. The first C1J
device was commercialized by Siemens in 1951, whereas the first inkjet printer was developed
according to R.G. Sweet's experiments in the 1960’s. However, in that process, the drop is
deviated in order to form patterns, and this technology was further improved and Drop-On-
Demand (DOD) systems were developed in 1977 by Siemens.”” We can distinguish two main
types of DOD printers where the difference resides in the energy which leads to the droplet
formation: thermal and piezoelectric. In a thermal DOD, the ink is heated locally and a bubble is
created as a result of solvent evaporation. This bubble leads to the ejection of the droplet. This
method is limited to aqueous solvent and cannot be used with all polymers. With piezoelectric
DOD, ink is contained into a piezoelectric material-based container that changes shape if an
electric potential is applied, with the ejection of a droplet. This last technique is the most popular
nowadays as it can be used with many solvents and for almost all types of particles.

However, in order to create an ink which fits an inkjet printing usage, the viscosity, the
surface tension and the size of the particles within the solution have to be adjusted carefully to

avoid any clogging or dripping of the ink in the nozzle. Typically, the dimensions of patterns for
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scientific applications are about few tens of microns width and few hundreds of nanometers thick.

However, specific techniques and high resolution can decrease the width of the patterns to only

. 93,94
few microns.

<+— Printing head

substrate

-

Figure 21. Representation of the ink-jet printing process.

In this part, some of the techniques commonly used to form a film have been presented.
Depending on the thickness of the film desired, the film homogeneity importance and on the
physical and chemical characteristics of the starting solution, some techniques will be preferred
than others. When photonic properties are required for the final application, other techniques can

be used. Some of these techniques are presented in the following paragraph.

11.2.2. Films with photonic or photoactive properties

For all the applications that require photoactive materials such as photoluminescence,
photocatalysis, or photovoltaic, guiding the light through the bulk material is one the most
important challenge. This is why a lot of efforts have been made on the synthesis of light trapping
structures. Two major types of photonic structures were synthetized so far: the inverse opal

structure 95-97 98-100

and the aligned nanowires structures (Figure 18). In order to create a photonic
effect, two parameters are necessary: the structure has to be well organized, and the dimensions
of the pore where the light is trapped must follow the Bragg’s law in order to obtain light internal
scattering (which will act as a wave guide inside the structure).

The relation between the wavelength scattered and the size of the pore is given by the

relation:”’

d
A=1.633><Ex\/(f1xnf+ fo X n3)

where, d is the cavities dimensions, m is the Bragg diffraction order, n; , n, , are the

refractive index of the respective media and f; , f> the form factor of the cavities and interstices.
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Although the light harvesting is increased in these structures, the studies reveal that the
specific surface area inherent to this kind of structure is really low. In order to improve the
materials properties, the next challenge will be to combine the high specific surface area of the

mesoporous structures with the high harvesting properties of the organized structures.

11.2.2.1. Langmuir - Blodget technique

The Langmuir - Blodget technique is a derivative from the dip coating method. In this case,
the films are obtained from amphiphilic particles. This method was first developed by Langmuir
who studied the interfacial forces at liquid surfaces, and more especially, the behavior of
amphiphilic particles at the water surface. He obtained the Nobel Prize for his work in 1932.'"!
The film transfer onto a substrate was studied more in detail by Blodget in collaboration with
Langmuir.'%*'%

Amphiphilic particles have the ability to float at the surface and with their hydrophilic part
directed towards the water and their hydrophobic part directed towards the air. In order to have an
arrangement of these particles in a crystal-like structure, the particles are compressed by a spacer
placed at the surface. Once these particles are in a close-packed arrangement around the
substrate, the substrate is pulled out of the container at the same time than the spacer moves
towards the substrate, in order to keep the compression constant and, by doing so, maintaining
the close-packed arrangement (Figure 22).

This —slow- method, known as nanospheres lithography, leads to the formation of
homogeneous films presenting a well-ordered crystal arrangement, and it is mostly used for the
formation of photonic structures.'® Once the crystal-like structure is formed, the opal inverse
structure of oxide materials can be synthesized either by using sol-gel processes, or by using

other deposition techniques such as Chemical Vapor Deposition.

substrate

J Particles to desposit
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=

Figure 22. Scheme of the Langmuir-Blodgett technique.
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This technique made possible the formation of multi-layers arrangement which can form
photonic macrostructures (see Figure 23). It has attracted more and more interest lately as it is

performed under mild conditions, it is cost effective and relatively easy to use.

Figure 23. SEM images of a) an opal structure of silica spherical particles, and b) the inverse
opal structure resulting from the deposition of a polymer and the removal of the silica
template.'®®

11.2.2.2. Chemical Vapor Deposition (CVD)

Chemical Vapor Deposition'” is a technique which allows synthesizing highly pure
materials which can be designed for coatings, powders, fibers, and monolithic components. CVD
is an old process developed first by Powell, Oxley, and Blocher in 1880’s. At the beginning this
technique was used for the production of incandescent lamps with filaments which strength was
improved by an additional coating with carbon or metal.

In the CVD process, a solid coating is formed on a heated surface from a chemical reaction
in the vapor phase. The materials formed can be synthesized using various chemical reactions,
either used alone, or in combination, with thermal decomposition (pyrolysis) under specific

atmosphere to favour reduction, hydrolysis, oxidation, carburization, and nitridation (Figure 24).

Gasflow  gubstrate Precursor
solution

>

Figure 24. Scheme of the Chemical Vapor Deposition process.
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CVD technique is a widely used technique as it can be used for the synthesis of most
materials such as metals, oxides, carbides, nitrides, etc. Recently, this technique has been used in
order to create photonic structures, either in combination with opal structures (formed by
Langmuir-Blodget technique for example), or by spreading seed material droplets onto the
substrate in order to create nanowires arrays. The alignment of the nanowires can also be

improved by the use of a template to trigger their growth direction (Figure 25).""

] lr ] ,|. \ ' ﬁOOnm

Figure 25. SEM images of (a) a side view'*®

and (b) a top view of ZnO aligned nanowires
structures.'”’

However, this technique works mostly in a batch mode, and reactors are usually quite
expensive. This is why new techniques able to organize nanorods at high length scale for
photonic application are still explored. This issue will be addressed in Chap.2 where we present
the organization of ZnO nanorods within a macroscopic fiber.

In this part of the manuscript, we presented the techniques to create 2D macroscopic
structures. In the next part, we will describe how to design 1-D macroscopic structures which are

quite useful when high specific surface area and/or anisotropic properties are required.

I1.3. Design of 1-D macroscopic structures (fibers)

This type of structures represents generally fibers. Fibers are very interesting structures as
they are highly anisotropic, and present high specific surface area due to their high
surface/volume ratio. They can possibly be assembled in woven mats. Manufacturing of very
long organic fibers is a well-known technique, but the preparation of inorganic/organic composite
or pure inorganic fibers, is more challenging. In this part, we will present the most popular
techniques to generate such fibers. For all these techniques, the nanoparticles are first synthesized

before their fiber structuring, the nanoparticles playing the role of nano-building blocks.
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11.3.1. Electrospinning

Electrospinning is one of the most popular techniques to create polymer fibers because of its
low cost and its easy process.'” A polymer solution is extruded from a syringe through a needle
(Figure 26), which is either positively or negatively charged with a high voltage power supply in
order to create repulsive electrostatic forces. These forces overcome the solution surface tension,
which will allow a continuous flow, and the charged extruded polymer, is collected on a plate,
that is either neutrally, or oppositely charged. Between the extrusion and the collection process,
the solvent evaporates and polymer fibers are collected.

Syringe
Polymer solution

Taylor cone

Needle ~
Liquid jet”
d/High voltage =

*
power supply Cf% i

Collector

-

Figure 26. Schematic representation of the electrospinning process.'”

This method was expanded to composite formulations with CNT or inorganic nanoparticles
being added into the polymer solution. A large variety of different types of nanocomposite fibers
were synthesized, such as TiO,, ZnO, and carbon nanocomposite fibers. The polymer can be
removed by thermal treatment afterwards, leading to purely inorganic fibers. TiO, electrospun
fibers were tested in Dye Sensitized Solar Cells (DSSC), and a 6.2% photoefficiency was
achieved.''” The major issues with this technique is that the fibers are randomly oriented and that
once the fibers are collected, their structure is fixed as they are difficult to handle (their diameter

is in the range of few nanometers to few micrometers).

I1.3.2. Melt-spinning

In this case, nanoparticles are mixed with a polymer, before the temperature of the resulting

solution is increased to reduce its viscosity. The solution is extruded in air through a small
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circular needle, which cools down immediately, giving a stiffer fiber (Figure 27). A recent study
reported the successful synthesis of TiO,/polypropylene fibers via this technique, but not their
application."'! Although this technique can be used for a wide range of materials and fibers can
be collected easily on winders, the complex structure of the extruder still makes the scale-up a

difficult challenge, and electrospinning or extrusion process will be often preferred.
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Figure 27. Schematic representation of a melt-spinning apparatus.'"’

I1.3.3. Extrusion
11.3.3.1. Composite fibers prepared with the help of polymer coagulation

There are two different ways to extrude Polyvinyl Alcohol (PVA) based composite fibers.
The first one is a process which was introduced by Vigolo ef al. in 2000''? for PVA/Carbon
nanotubes (CNTs) fibers. This process consists in bridging the nanoparticles into a rotating bath
containing the PVA solution. For this purpose, the surface of the CNTs is first functionalized
using amphiphilic molecules which confer them a hydrophilic behavior and allow them to be
dispersed in an aqueous solution. As the PVA chains are hydrophilic, when the CNTs are
introduced in the beaker, the PVA chains are adsorbed onto their surface and act as a bridge
between them (the PVA chains being connected to each other by hydrogen bonds). This principle
was later adapted for the extrusion of Vanadium oxide (V,0s5)/PVA composite fibers (Figure
28).'" 1t was demonstrated that the extrusion flux allowed the particles to be aligned inside the

fibers, which led to anisotropic properties and enhanced the mechanical properties.
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The major drawbacks of this technique are that it can only be applied to nanoparticles with a
very high aspect ratio and that the weight percentage of nanoparticles inside the fibers is
generally low. In consequence, this method cannot be successfully applied if particles are either
isotropic or anisotropic but with a moderate aspect ratio —as in our study-. For these particles,

another method involving both polymer coagulation and reticulation was favoured.

V, 0 sol injection

Beaker rotation

PVA solution

Figure 28. Extrusion system of V,0s/PVA composite fibers.!™*

11.3.3.2. Composite fibers prepared with the help of polymer dehydration/reticulation

For decades, PVA fibers were obtained through this process developed by Sakurada in
1985."5 1t was also adapted to the extrusion of PVA/CNT fibers,''® with a CNTs dispersion
being mixed with a PVA solution before being extruded into a concentrated solution of sodium
sulfate (Na,SO,). The flocculation of the PVA chains results from the interaction between the
Na' ions and the water molecules into the PVA chains, leading to a local dehydration of the

PVA/CNT fibers (Figure 29).
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Figure 29. Schematic representation of a) PVA molecule and b) of the salt-induced reticulation
process.

The problem of this dehydration technique is that there is salt residues inside the fibers. That
is why these fibers need to be washed after their formation in a solution which allows us to
maintain the PVA floculation. A more detailed description of this method and on the resolution

of the problems inherent to this method is discussed more in details from the Chapters II to IV.
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In order to increase the fibers mechanical properties, it is possible to reticulate the PVA
chains thanks to the addition of new components (glutaraldéhyde, borate ions). For example,
borate ions were used as a reticulation agent by a japanese industry for the production of PVA

fibers.'"” The reticulation mechanism is given Figure 30.
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Figure 30. Reaction mechanism in two steps of the PVA chains reticulation using borate ions.

All these pathways were explored to generate 1-D, 2-D and 3-D macrostructures bearing
hierarchical architectures, because specific and anisotropic properties were expected from these

architectures, which we will discuss hereinafter, especially for optical and electrical properties.

ITI. Photoactive and conductor materials

In this PhD project we decided to focus more especially on photoactive (semiconductors)
and conducting materials, and the following part describes how their macrostructure can
influence their intrinsic properties.

In terms of electron transport properties, inorganic and organic materials can be divided in
three main groups: conductors, semi-conductors and insulators. In all cases, the intrinsic nature of
the material determines the category where it belongs. This is better described with its electronic
band structure, and properties that can be easily deduced from, even though an accurate
description requires the use of quantum physic equations, which is beyond our aim in this
introduction.

The information presented in this section was extracted from the book of B. G. Yacobi et al
published in 2004 where more detailed information can be found and where the theory of

quantum physics is described.'"’

I11.1. General considerations for atoms, electrons and energy bands
An atom is composed of a nucleus, considered as static in the structure due to its mass, and,

of electrons which moves around the nucleus. Among the electrons, we can distinguish two types
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of electrons, the electrons highly stabilized by their proximity with the nucleus called core
electrons, and the electrons less stabilized, and prone to interact with other species, called outer
electrons or valence electrons. These valence electrons localized for solids in the Valence Band,
are important in materials structure as they have the ability to interact with other neighbor atoms
or can be relinquished upon excitation. It is the ability (or inability) of valence electrons to access
easily —with a small energy gap - to empty electronic states (the Conduction Band for solids), that
distinguishes conductors, semiconductors and insulators: (i) if the valence electrons do not need
extra energy to become free carriers, the material will be classified as conductor, (ii) if they
require a small amount of energy (some eV), the material will be classified as a semi-conductor,

(ii1) if the energy required is far too important, the material will be an insulator.

II1.1.1. Inorganic materials

In the case of inorganic materials, a classic way to build the energy band diagram is to look
at the crystalline structure and the relative position of the atoms within the material. For this
approach, the valence electrons can be considered as moving in a periodic crystal potential V(r),
which is periodic with the periodicity of the lattice. According to the Schrodinger equation and
the Kronig—Penney model,'"” the electrons can only possess some discrete energy values when
moving in a potential well. As a periodic crystal potential is a succession of potential well of the
same energy, an electron moving in a crystal potential V(r) can only possess some discrete
energy values. Moreover, as some energy levels are very close to each other, they can be
regrouped within energy bands referred as “allowed” bands. In this configuration, some energy
bands will be considered as “allowed” and some energy bands will be considered as “forbidden”
for the movement of the electrons, the “forbidden” bands corresponding to bands where the
energies are not solutions of the Schrddinger equation. In this configuration, the highest energy
occupied band will be called the valence band and the lowest energy unoccupied band will be
called the conduction band. The influence of the electrons distribution within these bands will be

presented in the paragraph II1.2.

111.1.2. Organic materials

In the case of organic materials, it is the chain structure and more especially the way the
component will be bond “mostly covalently” and distributed which will help building the energy
band diagram of the material. As we discussed earlier, electrons are moving around the nucleus at
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different energy levels and their behavior is then described as an electronic wave function. In this
configuration, the electrons are considered to move freely on atomic orbitals (AO) which
represent all the positions where the electrons can possibly be at a specific instant. When a solid
is formed and the atoms will be placed next to each other, the electronic wave function of the
atoms (atomic orbitals) will overlap generating molecular orbitals (MO). In this case, the new
electronic waves functions generated will be approximated by a linear combination of the atomic
wave function referred as linear combination of atomic orbitals (LCAO). As the wave functions
can be either positives, or negatives, they can be either added both in-phase in a constructive way,
or out-of-phase in a destructive way. In the first case, the combination of the AO forms a MO of
less energy than the original AO which is stable and preferably filled of electrons, it is the
bonding orbital. In the out-of-phase case, the combination of the AO forms a MO of higher
energy than the original AO which is unstable and generally free of electrons, it is the anti-

bonding orbital. Figure 31 present the dihydrogen case.'™®
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Figure 31. Schematic representation of the interactions happening when the atomic orbitals of
two hydrogen atoms overlap: a) representation of the interferences for bonding and anti-bonding

orbitals (the orbitals of the same colors possess the same phase (sign)), b) representation of the
process in an energetic point of view.'"”

X

In the case of an atom bearing N valence electron with AOs of the same energy, N possible
energy levels will result comprising N/2 bonding MO and N/2 anti-bonding MO. These energy
levels will be regrouped in energy bands similarly to inorganic compounds. The highest energy
band filled of electrons (bonding energy levels) is similar to the valence band in inorganic

materials and is called the Highest Occupied Molecular Orbital (HOMO). On the other hand, the
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lowest energy band unoccupied by electrons (anti-bonding energy levels) is similar to the
conduction band for inorganic materials and is called the Lowest Unoccupied Molecular Orbital
(LUMO). These two bands constitute the a/lowed band for the electrons, and the band in between
(if it exists) constitutes the forbidden band for the electrons.

Here, we described the basics for the building of the energy band diagram of organic
materials. Now, we will explain how this band diagram will be used to determine the intrinsic

properties of inorganic and organic materials.

II1.2. Energy band diagram and materials properties

As we discussed previously, a material possess a valence band (HOMO) and a conduction
band (LUMO). If a band is fully unoccupied, it does not contribute to the electrical conductivity
of the material because it does not contain any electrons. In the contrary, fully occupied bands
cannot contribute to the electrical conductivity because all the levels will be occupied which
prevents any electrons from gaining energy within the band when an electric field is applied.
From this observation, we can conclude that only the partially filled bands can contribute to the
electrical conductivity of the material. In the case of conductors, there are two possibilities: either
the valence band is partially filled which ensure the conductivity of the material, or there is an
overlap between the valence band and the conduction band which allow the passage of the
electrons from one band to another without any problems. In the case of semiconductors and
insulators, there is a gap (a forbidden band) in between the occupied valence band and the
unoccupied conduction band. The width of this gap will make the distinction between
semiconductors and insulators. A fairly small gap will be characteristic of a semiconductor
material whereas a very wide gap will be characteristic of insulator materials (Figure 32).
Basically, a material will be considered as semiconductor if the gap energy (Eg) between the
valence and the conduction band is lower than 3.5¢V and as an insulator above.

Among these categories, semiconductor materials are particularly interesting because their
properties can be influenced by exterior stimuli such as light and pressure. Indeed, if a light
source bearing the same energy than the band gap energy (Eg) of the semiconductor is projected
on the material, an electron from the valence band of the material will be excited and transferred
to the conduction band which will create an electron-hole pair within the material. This electron-
hole pair can be used in different ways for different applications such as photoluminescence,

photocatalysis and photovoltaic. The use of these electron-hole pairs will be more developed in

45



Chapter 1: General context and objectives

the following chapters. In this project we decided to focus more especially on nanoparticles of
zinc oxide (ZnO) and titanium dioxide (TiO,). These materials posses a band gap energy between
3.2 and 3.4 eV which means that they are wide band gap semiconductors which will absorb in the
domain of Ultra-Violet (UV) light. Thanks to their electronic properties, these materials are
particularly interesting for applications where protection from UV light is needed such as

sunscreen cream but also for photoluminescence, photocatalysis and photovoltaic application.
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Figure 32. Energy band diagram representation for a) conductor materials, b) semi-conductors
materials and ¢) insulator materials.'"’

In conclusion to this part, we can say that the intrinsic material structure is mainly directing
its physical properties. These properties can be predicted by building the energy band diagram of
the materials which will give us the information on its electrical and optical properties. In
consequence, the analysis of the band diagram is essential to determine for which application a

material can be used and how it can be combined with other materials.

IV. Conclusion

In this chapter we have presented the different methods to synthesize and shape materials
from the nanoscale to the macroscale. We described first, how the particles shape and size can be
controlled by adjusting the experimental conditions. More specifically, we detailed how the
choice of the precursor (metallic cation with its ligands), the pH of the solution, the solvent
nature, the temperature and the precursor concentration could affect them. A fine adjustment of
these parameters allows obtaining materials with the desired crystalline structure. Also, the

introduction of shape controllers or templates within the reaction media can help shaping the
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particles, which is of great importance for the synthesis of anisotropic particles. In our case, both
shape controllers and soft templates (Swollen Liquid Crystals) are used for this purpose.

Then, using these nanoparticles as nano-building blocks, we have detailed the methods
allowing designing the material macrostructure architecture along with its mesostructure. The
methods used for the design of 3D, 2D and 1D architectures were presented. Due to their
simplicity, their low cost process, and their possible application in industry, we chose to focus
more on extrusion process using a coagulation bath for 1D structures (fibers), and on Doctor
Blade and drop casting technique for 2D structures (films).

Finally, we have demonstrated how the intrinsic structure such as crystalline structure or
arrangement of polymer chain could influence their optical and electrical properties. All these
concepts are related to each others as the nanoparticles crystalline/chain structure can be tuned by
the experimental conditions of the particles synthesis (part I). Moreover, the shaping of the
material meso/macrostructure into hierarchical architectures and the design of their porosity (part

IT) can also affect the intrinsic physical properties.

V. PhD objectives

In this PhD project, we have intended to synthesize new materials by combining these
strategies in order to improve the materials properties for each application. In a first step, we have
combined the anisotropic photoluminescence properties of zinc oxide (ZnO) nanorods particles
with the extrusion process in order to obtain macroscopic fibers bearing anisotropic properties. In
a second step, we have synthesized macroscopic fibers of titanium dioxide (TiO,) for
photocatalysis application. Here the fibers geometry was used in order to create a synergy
between the pollutant gas flow and the fibers without inducing a loss of charge within the reactor.
In a third step, the TiO; fibers extrusion starting solution and process were improved in order to
generate fibers with higher photocatalytic efficiencies with a semi-industrial process. Finally,
anisotropic conductive polymer particles (PPy) were synthesized in order to generate organic

electrodes presenting higher conductivity than the one using isotropic particles.
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In Nature, we can observe that specific organization of nanoparticles at various length scales
can have a strong impact on the material resulting properties. For example, it is the case of nacre
where the organization of flat-like sheets of calcium carbonate in a layered arrangement confers
to the material specific properties. This arrangement in nacre is especially responsible for optical
properties, iridescence, and for high mechanical properties, the resistance of nacre being one
thousand times higher to the one of simple calcium carbonate powder.' From this observation,
organizing anisotropic nanoparticles inside macroscopic structures is a recent challenge which
opens new perspectives for various application domains. The power of “soft chemistry” when
combined with complex fluids has allowed to obtain macroscopic fibers of carbon nanotubes and
vanadium oxide ribbons which has been used mainly for their mechanical, electrical, optical and
sensor properties.

In this context, this Chapter will be dedicated towards the synthesis of Zinc Oxide (ZnO)
nanorods/ Polyvinyl alcohol (PVA) macroscopic fibers studied for their photoluminescence
properties. In a first step, the fibers will be obtained by extrusion process and their composition
will be determined. Then, the fibers will be stretched at different elongation percentage in order
to determine the influence of this stretching on the nanorods alignment inside the fibers. The
influence of the protocol used to stretch the fibers will be also studied at this stage. Finally, the
fibers will be tested for their mechanical and their photoluminescence properties where we will

emphasize the influence of the nanorods alignment inside the fibers on these properties.
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I. General concept and objectives

1.1. ZnO structure

In this part we will describe briefly the ZnO structure. More details can be found in the book
of Klingshirn et al.”. The electronic structure of Zinc is (15)%(2s)*(2p)°(3s)*(3p)°(3d)'*(4s)* which
means that Zinc possesses two valence electrons on its 4s orbital. The Oxygen electron
configuration is (1s)*(2s)*(2p)*, and so, it possesses six valence electrons on its outer shell.
However, among them, only two electrons on the 2p orbitals can create bonds with other
elements, as the four others are lone pair electrons. In consequence, the bonds in ZnO crystal
lattice involve a sp® hybridization of the electron states, leading to four equivalent orbitals,
directed in tetrahedral geometry. As discussed in the Chap. 1 section I1.1.2., the bonding orbitals
constitute the valence band, and the conduction band originates from its antibonding counterpart.

The Zinc tetrahedral coordination determines the ZnO crystal structure where every Zinc
atom is surrounded by four oxygen ions. In this configuration, the bulk structure has a bi-layer
structure constituted by a zinc layer and an oxygen layer, resulting from the arrangement of the
neighboring tetrahedrons. Zinc oxide can present two main types of structures: a cubic zinc
blende structure (Figure 1.a.) or a hexagonal wurtzite structure (Figure 1.b.) depending on the
stacking sequence of the bi-layers. The zinc-blende structure corresponds to an arrangement of
two interpenetrating face-centered cubic lattices which have been displaced by 7 of the body
diagonal axis. It belongs to the F43m space group. The hexagonal wurtzite lattice is a uniaxial
lattice. Its main axis, referred as c-axis, is directed along one of the tetrahedral binding orbitals.
The a and b vectors of the lattice are perpendicular to the c-axis, have equal length, and include
an angle of 120°. The wurtzite primitive cells comprise two ZnO units, each one comprising two
pairs of ions. This structure belongs to the P6s3mc space group. ZnO crystallizes with great
preference in the wurtzite structure which will be the most common structure synthesized. At
ambient conditions, the ZnO wurtzite has the lattice constants a = b = 0.3249 nm and
¢=0.52042nm with a specific mass density of d = 5.675 g.cm™.

Due to the great difference in their electronegativity, the Zn-O bond presents a strong degree
of polarity. Indeed, the oxygen present the second highest electronegativity value among all
chemical elements (3.44 on the Pauling scale) after fluorine, and Zinc possesses a low

electronegativity value (1.65 on the Pauling scale). As a result, the ZnO structure elements could
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be almost considered as ionized Zn*" and O*". Besides, in consequence of this high bond polarity,
the wurtzite structure is favored during the synthesis compared to the zinc blende structure which
occurs preferentially for tetrahedrally oriented bonds with lower polarity like GaAs. This last
structure can be obtained for ZnO only if it was grown on a zinc-blende type substrate like GaAs
(100) with a ZnS buffer. Moreover, the polar character of these bonds is responsible for a small
deviation of the structure geometry compared to the ideal wurtzite geometry. Indeed, the
tetrahedrons are slightly distorted with a difference in the angle between the c-axis towards the
other bonds (a) of 0.01° and an axis length ratio which is 2% below the ideal wurtzite ratio value.
The deviations observed in ZnO structure are the highest of all the wurtzite structures identified
so far. Due to its specific structure ZnO and its high polarity, present a great interest for its
property such as piezoelectric, thermal, and optical properties. In this project, we decided to focus
on its optical properties, especially photoluminescence which are anisotropic due to its high

polarity.
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Figure 1. The cubic zinc-blende-type lattice (a), and hexagonal wurtzite-type lattice (b). In the
wurtzite lattice, the atoms of the molecular base unit (2x ZnQO) are marked by red full circles and
the primitive unit cell by green lines.

I.2. ZnO photoluminescence properties

1.2.1. Photoluminescence

Photoluminescence is a non-destructive technique employed for the analysis of materials
structure, more especially to detect the presence of defects within the materials structure.” As
discussed in paragraph III of Chap.1, the electrons can only possess energy values within the
“allowed” energy bands when moving in a crystal lattice structure. In a semiconductor, the

highest allowed occupied band (valence band) and the lowest allowed occupied band (conduction
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band) are separated by a “forbidden” energy band, the width of this latter band being called the
band gap energy (E,). According to this structure, in order to excite an electron from the valence
to the conduction band, it is needed to transfer a minimum energy to the electron, at least equal to
E,. During a photoluminescence (PL) experiment, the electrons are excited through optical
excitation resulting in the creation of electron-hole pairs called excitons. These excitons will then
deactivate either radiatively or non-radiatively. The exciton lifetime depends on the crystal
lattice, the nature and concentration of impurities, and other defects present in the structure. The
principal interest of PL resides in the deactivation through a radiative process as it can be
detected and measured easily. There are five main transitions that can be observed during a PL

experiment (Figure 2).
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Figure 2. Excitation process of an electron (left side) and the most commons deactivation
processes associated a) band-to-band recombination, b) free excitons recombination, c) exciton
bound to donor recombination, d) free electron to acceptor recombination, and e) donor to
acceptor recombination.’

The first transition represented is generally observed for materials with small effective mass
with large electron orbital radii. It corresponds to a simple band-to band recombination and lead
to the emission of a photon possessing the same energy than the band gap of the material. The
second process corresponds to free excitons recombination. The energy of the photon emitted is
lower than E, because of the coulombic attraction existing between the electron-hole pair. The
third process represents the case where the exciton will be bound to a shallow donor during its
excitation and will then recombine with the hole. The fourth case corresponds to the situation
where the free electron generated by the excitation will recombine with an acceptor. In both
cases, the energy value of the photon will be lower than E, and will be determined by the nature

of the acceptor and the donor. Finally, in the case where there are both an acceptor and a donor
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specie inside the structure, we can have a last transition corresponding to an acceptor-donor

transition.

1.2.2. Photoluminescence in ZnO

From the previous section, it can be deduced that the PL spectrum will display several peaks,
positioned at energies inferior or equal to Eg depending on the type of radiative transition that the
electron will undergo. So far, numerous studies were performed on ZnO structures to index the
PL spectrum peaks and to determine their origin, but this last point is still controversial. In Figure
3 we can find a summary of the different defects that have been identified with their respective
energy shift compared to the conduction band. From these values, the peaks observed on a low
temperature PL spectrum can be indexed, from which the photon energy resulting from the

different transitions can be deduced.
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Figure 3. Calculated energy levels of different defects in ZnO from different studies in the
literature.* All the levels are referred to the conduction-band minimum energy (Ec). Vzn, Vzn,
Vz,> denote neutral, singly charged, and doubly charged zinc vacancy, respectively. Zn;, Zn;"
and Zn;*" indicate neutral, singly charged and doubly charged zinc interstitial respectively. Vo
denotes neutral oxygen vacancy while Vo and Vo>* denote singly charged and doubly charged
oxygen vacancy. H;" and O; represent single charged hydrogen and oxygen interstitial,
respectively. Ogz, indicates antisite oxygen and VoZn; corresponds to a complex of oxygen
vacancy and zinc interstitial. Li corresponds to impurities linked to the presence of Li ions into
the structure.

However, there are significant differences between PL spectra recorded at low temperature
(LT) and PL spectra recorded at room temperature (RT). As discussed previously, the excitons
generated during a PL experiment can be either free excitons, or can be bound to donor or

acceptor specie during the excitation and deactivation processes. If the free-exciton binding

energy with the donor and acceptor species is too small, the excitons are thermally dissociated
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from their centers at RT and, in this case, the peaks corresponding to their presence are no longer
observed at RT. For this reason, some transitions peaks present at LT disappear at RT. Moreover,
the PL peaks of the transitions still occurring at RT become broader due to vibronic processes
and are shifted to lower energies.’ In our study, we investigated the behavior of our macroscopic
fibers at RT in order to assess the quality of the ZnO crystals. In this case, the PL spectrum
presents one sharp peak positioned between 373 and 390 nm corresponding to near band edge
(NBE) emission correlated to an exciton-exciton collision process, and one broad peak in the
green part of the visible spectrum correlated to deep level defects in the structure.® Moreover, in
some cases the peak of the NBE emission presents a shoulder around 390 nm.” The origin of this
last peak is still controversial in the literature. So far, this peak has been attributed to first LO
phonon replica of free excitons, free-to-neutral acceptor transition involving stacking faults,
surface excitons, and, excitons bound to neutral acceptors.L10 Recently, several studies have
ruled out some of these hypotheses and this peak is predominantly attributed to surface defects
leading to free excitons - neutral acceptor transitions.”*'""'> It was also demonstrated that even
though it is not possible to extract a value for the impurity level from PL experiment, the ratio
between the NBE peak and the green emission peak (due to deep level defects) constitute a good
indication on the quality of the crystal. In our case, as we desired nanorods with few structural
defects, it was needed to obtain the smallest green emission peak. The results and discussion of

the photoluminescence of the ZnO/PV A macroscopic fibers are presented in section I11.3.

L.3. Organization of ZnO nanorods in macroscopic fibers objective

The development of biomimetic routes to reproduce structure and properties of nacre
(optical and mechanical) has lead to the synthesis of several organic-inorganic hybrid generated
using inorganic particles with very high aspect ratio in order to obtain specific properties. More
especially, the association of micro-extrusion and gelling mechanisms, allowed Vigolo et al " to
achieve the preparation of Carbon nanotubes/ Polyvinyl Alcohol (CNTs/PVA) fibers in 2000.
Thanks to a post-synthesis stretching of the fibers above the PVA glass transition, it was possible
to improve the alignment of the CNTs along the fiber main axis.'* These fibers were mostly
studied for their mechanical, electrical and thermal properties. In particular, it has been
demonstrated that by improving the alignment of the CNTs along the fiber main axis, it was

possible to improve these three properties.'*'> Later on, our research group synthesized vanadium
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oxide (V,0s)/PVA macroscopic composite fibers for their optical and sensor properties.'®"” This
study showed that V,0s/PVA composite fibers present enhanced anisotropic birefringence and
sensor sensitivity due to a collective alignment of the nanoribbons along the fiber main axis
depending on the nanoparticles alignment. This alignment was adjusting thanks to the shear rate
during the extrusion process.

In this chapter, we decided to investigate a new type of fibers, which contain ZnO nanorods
as the inorganic part. We aimed at checking if the alignment of a population of ZnO nanorods
within the fiber would create a synergetic response among the nanorods to produce anisotropic
properties independently of any physical contact between them. As ZnO possesses a much lower
aspect ratio than CNTs or V,0s ribbons, it was necessary to use another coagulation method than
previously reported, during the extrusion process. The initial extrusion shear rate was chosen
according to that required for a maximum of alignment of the V,Os ribbons inside the fibers. The
alignment of the ZnO particles were improved by a post-synthesis stretching of the hybrid fibers
above the PVA glass transition at T=85°C. We report hereinafter the influence of this
stretching/alignment on the fibers properties.

Zinc oxide is a wide direct band gap semiconductor with a band gap of 3.37 eV and high
exciton binding energy (60 meV). This last energy is larger than the thermal energy at room
temperature,”® which make Zinc Oxide a good candidate for photovoltaic, ultra-violet nano-
optoelectronic devices and lasers operating at room temperature.”’ Considering the morphology
of ZnO, a tremendous amount of nanostructures have been obtained ranging from nanowires,
nanorods,” nanobelts,”* nanotubes,” aligned nanonails,*® and so forth. Due to their higher aspect
ratio and their easy process, we decided to focus on the nanorods nanostructure. Properties of
ZnO regarding the absorption and emission properties are well-known,”” > but it is interesting to
check if the expected emission polarization predicted from modeling,”® can be observed for ZnO
anisotropic structures. As measurements on a single nanorod are difficult,’' being able to align a
whole population of ZnO nanorods along a single axis, is a better way to evaluate the
macroscopic effect of collective alignment. As a result, beyond the specific interest of validating
anisotropic properties provided by shape anisotropy at the nano-scale, actual functionality can
result from a magnification of this local property by providing the correct synergy among a
collection of nanoparticles through preferential orientation, and true applications can result from

this magnification if the design and processing of these synergistic nanostructures is easy.
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II. System studied and experimental protocol

II.1. ZnO nanorods syntheses

The synthesis of ZnO nanorods was inspired from Zhu et al.** Typically, 0.95 g of ZnCl, and
0.75ml of N,H4.H,O were added to 160ml of distilled water under stirring. A slurry-like white
precipitate was formed. Once the solution became homogeneous, it was transferred into an
autoclave and was maintained at 200°C for 24h. The zinc oxide sol weight fraction was
determined through dry extracts and adjusted at 2.8% (pH=7). As shown in Figure 4.a., the ZnO
particles present a significant anisotropic shape with an aspect ratio, length/diameter, of around
20. This shape ratio would formally rank these particles among the "nanowire" nomenclature, but

we think that the "nanorod" terminology remains more appropriate and descriptive.
I1.2. ZnO/PVA co-extrusion process

The final solution was prepared by adding 1.2g of solid polyvinylalcohol (PVA) into 10 mL
of the 2.8% ZnO solution under stirring at 90°C for 1h. The molecular weight of PVA was
chosen high enough to ensure good mechanical properties of the fiber (Mw= 120 000). The
ZnO/PVA solution is injected with the nanoparticles into a rotating beaker containing the gelling
agent, that is, a saturated aqueous solution of Na,SO4 (Figure 4.b.). The dehydration mechanism

was presented in Chap.1, part 11.3.3.2.
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Figure 4. Overall synthetic path. a) as-synthesized TEM picture of ZnO particles b) typical
extrusion where the PVA/ZnO hybrid sol is injected through a syringe needle into a rotating beaker
containing a Na,SO4 saturated water solution. c¢) as-synthesized hybrid fibers extracted by hand
from the beaker.

The extrusion was maintained tangential to the rotation axis of the beaker in order to
promote a pseudo-coaxial flux at the external part of the syringe hole. The diameter of the
spinneret is around 1mm. The beaker containing the salt solution was kept at constant rotation of
25 rpm, while the solution containing the PVA/ZnO dispersion was extruded out of the syringe at
a constant flux of 40 ml.h™". Upon the completion of the extrusion process, the ZnO/PVA fibers
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were meticulously taken out of the beaker by hand (Figure 4.c.) and allowed to dry in air

(ambient conditions). Finally, the fibers were washed once in water to remove the excess of salt.
I1.3. ZnO fibers extension process

Stretch under load of the fibers was performed in a chamber equipped with a system
allowing controlling the temperature inside it coupled with a ZWICK/ROELL Z2.5 apparatus
(Figure 5). In order to avoid the fiber to slide during the process, it is first glued to a paper frame
with cyanoacrylate glue before its insertion between the jaw of the traction apparatus, the length
of the frame being fixed at 25 mm. Before the stretching of the fibers, the temperature of the
chamber was brought to 85°C in order to be above the PVA glass transition. The fiber was then
stretched at a constant traction speed of 1 mm/min (4% of the initial length) till it reached the
desired elongation percentage. The fiber is then cooled down at room temperature still

maintained by the traction system to avoid any further deformation.

Figure 5. Picture of the system used for the stretching of the fibers. The picture on the left
represents the whole system (thermal chamber and traction apparatus) and the picture on the right
is a zoom on the elements serving for the fiber traction.

III. Characterization of the fibers

II1.1. Characterization of the fibers structure

II1.1.1. Composition of the fibers

From the combination of both TGA (water content determination~1.5%) and elemental
analyses (Table I), the weight percentage of ZnO was estimated at 35%w, and the following
fibers stoichiometry is proposed: (ZnQO);(VA),2(NaySO4)035.0.2H,0. Considering the proposed

composition we notice that a significant amount of sodium sulfate remains trapped in the
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composite fibers, despite severe washing, as evidence below with XRD investigations. This salt
is embedded within the PV A matrix as a result of its polymerization.

The diameter of a fiber was about 300pm. By considering that the nanorods were perfectly
aligned and that they were forming lines parallel to the fiber main axis, we could evaluate that the
average distance between two nanorods (dcorrelation) Was comprised between 2.5 and 3 um.

Table I. Elemental analysis obtained by coupling laser ablation with plasma torch and mass
spectroscopy (ICP-MS).

Element C Zn Na

wt% (exp.) 23.3 28.4 6.6

II1.1.2. Structural analyses

The crystalline structure of the ZnO particles was characterized by XRD (Figure 6.b.). The
ZnO nanorods present the hexagonal ZnO Wurtzite (space group P6smc) structure with lattice
constants a= 3.25(2) A and ¢ = 5.21(2) A, in good agreement with the expected values (JCPDS
76—0704). The XRD pattern of the composite fibers (Figure 6.d.) was compared with that of PVA
(Figure 6.a.) and Na,SO4 (Figure 6.c.). The diffractogram confirms the combination of ZnO and
PVA, with the sodium sulfate embedded in the fiber.
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Figure 6. X-ray diffraction patterns of a) PVA, b) ZnO, c¢) Na,SO, salt and d) composite
PVA/ZnO fibers.

The crystalline structure of the ZnO particles was further investigated by Raman scattering
to evaluate the level of crystallinity and concomitantly that of defects (Figure 7). The Raman
spectrum is characteristic of pure and well-crystallized hexagonal wurtzite:*>~* The absence of

contribution around 578-583 cm™ (AL and E;; modes) reveals that the punctual defects such as
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interstitial zinc cations or oxygen vacancies, if present, are only residual in the ZnO lattice.™
Compared with the ZnO particle alone, the Raman spectra of the composite fibers show a slight
blue shift (<2cm™) of the peak at 438 cm™, corresponding to the Eoy mode which we ascribe to a
minor stress induced by the PVA matrix confinement onto the ZnO nanocrystals when the fiber is

stretched out.

ZnO powder

Non-elongated fibers

150%-elongated fibers
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Figure 7. Raman spectra of the ZnO nanorods (black), non-elongated PVA/ZnO fibers (red) and
150% - elongated PVA/ZnO fibers (blue) excited by 785 nm line.

I11.1.3. Analysis of the nanorods aligenment inside the fibers

111.1.3.1. Experimental set up

Studies of the ZnO particles alignment inside the fiber were performed with a homemade X-
ray scattering apparatus equipped with a microfocus copper rotating anode X-ray source (Rigaku
MicroMax-007 HF) combined with multi-layers optics and a 3-pinholes collimation, the sample
holder being mounted on a X-Y stage. Individual fibers were vertically placed on off-centered
supports, with the fiber main axis perpendicular to the X-ray beam. The scattering signal was
collected on a 2-dimensional detector (Image plate from Mar Research). In the present work, the
sample-detector distance was fixed to 103 mm in order to record in parallel the Bragg reflections

over a 0-40 degree 2-theta angular range. Silver behenate was used as a reference.

111.1.3.2. Analysis procedure

The anisotropic angular distribution of ZnO crystals in the fibers was quantified by
integrating first the radial intensity of the (001) diffraction line, and report this intensity as a
function of the [(-100) - (+80)] degree angular orientation on the 2D detector, zero being located
at the position of the maximum intensity. This analysis was applied to fibers prepared under
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various stretching constraints, and the quantification of the anisotropy was achieved by fitting the
previous angular-dependent intensities with a Lorentzian function, the anisotropy factor being
further reported as the full width at half maximum (FWHM). It results that a higher anisotropy
will appear with a narrower distribution of the diffracted intensity on the 2D detector, hence a
small FWHM. Therefore, this value represents the angular distribution of the particles axes

around the fiber axis and allows for quantifying the particles orientation inside the fiber.

1I1.1.3.3. Nanorods alignement versus elongation percentage

SEM observation (Figure 8) confirms that the fiber stretching promotes a better alignment of
the ZnO particles along the fiber main axis. Without the fiber post-stretching, a spontaneous but
limited pre-alignment of the ZnO particles exists (Figure 8.a.,b.), as a result of the co-axial flux
shaping extrusion, but this alignment remains limited. Applying tensile stress to the fiber above
the PVA T, and cooling it down under stress, drastically increases this alignment (Figure 8.c.,d.),
as confirmed by XRD and Wide Angle X-ray Scattering (WAXS) analyses, presented in the
following paragraphs. If we consider that the nanorods are perfectly aligned, the distance between

two nanorods (dcorrelation) has been estimated between 2.5 and 3 pm.
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Figure 8. SEM images of a non-elongated fibers (a, b) and of a 150%-elongated fiber (c, d).

The experimental geometry was set in order to detect reflections up to (20 = 40°), that is, an
angular range containing the three main reflections of the wurtzite structure: (001), (002), and
(101) (Figure 9) (additional reflections due to the Na,SO; salt are also observed). This pattern
was collected with a 50%-elongated fiber and the angular distribution of the scattered intensity
gives access to quantitative information on the angular distribution of the main axis of the ZnO
nanorods.

This diffraction pattern reveals the anisotropic distribution of the intensity corresponding to

the (001), (002), and (101) planes. With a fiber vertically placed and perpendicular to the X-ray
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beam, the maximum of intensity is centered on the coronal and sagittal planes for the (100) and
(002) reflections, respectively. As for the diffraction assigned to (101), it is distributed over four

spots at /4 of the coronal and sagittal planes (Figure 9).

(101)
(t0o) /

Figure 9. a) 2D X-Ray pattern of a partially elongated fiber. The fiber axis is vertical. b) unit cell
of the wurtzite (space group P63mc ) with the visualization of the crystallographic planes of
interest.

We selected the (100) reflection line to quantify the angular distribution y of the diffracted
intensity I= (). As illustrated with the two examples reported in Figure 10 a. and b., for non-
elongated and 150% elongated fibers, respectively, the intensity as function of the angular
distribution, is narrower for the elongated fiber than for the non-elongated one, as a result of a

better alignment among the ZnO nanorods.

1I1.1.3.4. One step fibers stretching

In a first study, we decided to stretch the fiber in one step according to the protocol
described in section IL.3. For this protocol, the fiber was maintained tense by the jaw of the
apparatus before its stretching but no forces were applied on it. Figure 10.c. presents the
evolution of FWHM/2 versus the elongation percentage of the fibers. As already observed on
SEM images, the ZnO particles are already partially aligned by the extrusion process with an
average angle of £31° with respect to the fiber axis. This alignment is improved by a factor 2
upon fiber stretching with a limit reached for 100%- elongated-fibers. Above 100% extension the
ZnO wires mean orientation within the fibers is no more improved. This result was confirmed
with similar analyses carried out on several set of fibers. Finally, the nanorods present a mean

orientation angle of 18° with respect to the main fiber axis.
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Figure 10. (a,b) Curves representing the Lorentzian integration of the light intensity on the circle
corresponding to the (100) diffraction and their fitting, (a) non-elongated fibers, (b) 150%-
elongated fiber; (c) presents the FWHM/2 evolution of the fitted peaks, as a function of the
stretching percentage.

II1.1.3.5. Multi- steps based fiber stretching

In a second study, we investigated if the nanorods alignment inside the fibers could be
improved by using different stretching protocols. Especially, we were wondering if pre-stretching
the fiber at room temperature before its elongation at T=85°C, which would result in applying a
stress on the ZnO nanorods, would help aligning the nanorods along the fiber main axis. The
force value associated to the fiber pre-stretching at room temperature was determined by
performing mechanical tests. In the following, the force needed to reach the plastic domain of the
fiber, or the force needed to break it when no plastic behavior is observed, is referred as F,. We
postulated that in order to generate enough stress on the nanorods to observe significant results,
the force that we have to apply on the fiber during its pre-stretching should be above 35% F,.
Also, in order to avoid generating too many defects and cracks within the fibers during its pre-
stretching, we decided to apply a force below 80% F,,. Mechanical tests performed on ten fibers

with different F,, values, showed that at in order to respect the condition 0.35F, <F < 0.8F, for all
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the fibers, the force applied should be around 1.4N. This value will be referred in the following as
Fy. From this result, we designed two set of experiments.

For the first set of experiments, the fibers were successively submitted to a force Fy, heated
above the PVA glass transition, elongated till their elongation was worth 25% L (Lo being the
initial length of the fiber) and cooled down. The process was then repeated to reach successively
a total elongation value of 50%, 75%, 100%, 125% and 150% of L,. For the second set of
experiments, the same protocol was followed except that this time, the elongation step was 50%
instead of 25%. This means that the elongation of the fibers was worth successively 50%, 100%
and 150% of L.

In order to check the influence of the stretching protocol on the alignment of the nanorods
inside the fibers, we performed WAXS analyses. The results are presented in Figure 11. We can
observe that the evolution of the mean orientation angle of the nanorods regarding the main axis
of the fiber follows the same trend for all the stretching protocols. In all cases we can observe a
decrease of the mean orientation angle value when the fibers elongation is varying from 0% to
100%. As for the first study, 100% elongation is a threshold for the new protocols, and the

minimum mean orientation angle value is quite similar for all the protocols (around 16°).
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Figure 11. FWHM/2 evolution of the fitted peaks obtained through WAXS analyses as a
function of the stretching percentage: Mfibers stretched according to the protocol described in
section I1.3., @ fibers stretched according to the first protocol described in this paragraph (25%
step), A fibers stretched according to the second protocol described in this paragraph (50% step).

In conclusion, we can deduce from these results that the stretching protocol does not

influence the alignment of the nanorods inside the fibers. For the following experiments, we
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stretched the fibers according to the protocol described in section II.3., which is more convenient

to perform than the two protocols described in this paragraph.
II1.2. Fibers mechanical properties

Tests were carried out with fibers prepared with different pre-stretching at 85°C. For each
pre-stretching percentage, these tests were carried out on several sets of fibers and the average
values of the Young Modulus and of the tensile strength at break are presented in Table II. The
stress applied on the fibers corresponds to the force applied on the fiber normalized by the area of
its section. As illustrated in Figure 12, that displays the different tensile stress curves as a
function of the fiber elongation of representative samples, non-extended fibers exhibit only an
elastic behavior with a reversible elongation up to 2% before rupture. As the fiber is pre-stretched
at 50% L at 85°C, its mechanical properties are modified with an additional plastic response that
allows for an additional 7% non-reversible elongation. Extension of the pre-stretching to 100%
increases the tensile strength resistance since the elastic limit is reached for a higher stress (50
MPa instead of 25 MPa for the non-extended fiber). Finally, higher pre-extension (150%) has a
negative impact on the stress/strain curve, probably as a result of a too extensive fiber extension

that degrades the PV A matrix cohesion.
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Figure 12. Mechanical tests on fibers pre-elongated at several percentages: O not extended,
®50%, ® 100%, » 150%.
These tests along with the macroscopic behavior as illustrated in Figure 12, illustrate the
synergy between the two components (PVA, ZnO): (i) PVA provides the organic flexibility to the
inorganic part and confines the ZnO nanorods within a compressive matrix, as revealed by the

Raman analysis, and (ii) the ZnO nanorods provide an additional resistance via their intrinsic
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mechanical strength and the collective resistance resulting from their preferential alignment along
the PVA fiber main axis. An additional proof of the constriction of the PVA matrix around the
ZnO nanorods, as a result of the pre-extension, is the increasing of the nanocomposite fiber
stiffness marked by an important improvement of the Young Modulus (Table II).

In the elastic regime, at low strain, the tensile Young modulus varies from 2 to 6 GPa as the
fiber pre-extension goes from 0 to 100% extension, which corresponds to the range of values
obtained for similar composite fibers, prepared either with carbon nanotubes' or V,0s.'° Here
again, increasing the fiber extension beyond 100% has a negative impact on the Young Modulus.
From these results, we deduce that the better the nanorods are aligned along the fiber main axis,
the better the mechanical properties are.

Table II. Mechanical properties of fibers stretched at different percentages (average value
calculated on several sets of fibers, values have been normalized to the fiber section)

Elongation % Young Modulus (GPa) Tensile strength (MPa)

0 2.0 39.6
50 3.2 43.4
100 6.0 79.9
150 52 79.2

II1.3. Fibers photonic properties

Photoluminescence measurements were performed at room temperature using the fourth
harmonic (266 nm) of a Brilliant (Quantel) Q-switched Nd:YAG laser as the excitation source.
The laser pulse frequency was 5 Hz, the laser diameter 2 mm, and the pulse duration around 4-6
nanosec. Fluorescence was detected with a StellarNet EPP2000-UV-VIS spectrometer.

We conducted photonic analyses on ZnO fibers since ZnO photoluminescence significantly
varies depending on the quality of the crystals and the presence and nature of defects (oxygen
vacancies, interstitial zinc cations, etc...). The control of defects is indeed of paramount
importance in applications that exploit the wide range of optoelectronic properties. Photonic
properties of ZnO are well known, and we focused our analysis on the influence of both the
intrinsic ZnO particle anisotropy and collective alignment onto the optical properties. Therefore,
the optical measurements were designed in order to see how both dimensionality and alignment
of nanorods along the fiber main axis, influence the photonic properties. Measurements were

carried out first in two configurations: (top) laser beam perpendicular, that is, at an angle of 90°,
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to the fiber main axis (Electrical field parallel to the plane of the fiber main axis), and (bottom)
laser beam parallel, that is, at an angle of 0°, to the fiber main axis (Electrical field perpendicular
to the fiber main axis), (see Scheme 1). These two configurations were used to measure the
photoluminescence resulting from the anisotropic absorption for non-stretched (Scheme 1.a.) and

stretched (Scheme 1.b.) fibers.

a) b)

detector

Scheme 1. Schematic representation of PL. measurements on non-stretched (a) and stretched (b)
ZnO fibers. The excitation beam strikes perpendicularly to the ZnO fiber (angle of 90°,
configuration top) and parallel to the ZnO fiber (angle of 0°, configuration bottom), and detector
is place at an angle of 45° between the laser and the main axes of the fibers.

I11.3.1. Photoluminescence: light absorption

Figure 13.a. displays the photoluminescence (PL) spectra obtained for the non-stretched
fibers with the laser oriented at 90° or 0° of the fiber main axis. Their photoluminescence is
compared with that of ZnO particles alone. The PL spectrum of ZnO particles is dominated by a
sharp and strong peak at around 388 nm (3.27eV) in the UV region. This emission corresponds to
the near band edge emission (NBE) of highly pure wurtzite ZnO crystals, and it arises from the
recombination of the free excitons through an exciton—exciton collision process. This band
presents a shoulder at lower energies (lambda > 390 nm), which it is usually assigned to optical
transitions involving free electrons and neutral-acceptor levels (see part 1.2.2.). The contribution
of each of both signals was obtained by deconvolution of the spectra (see Table III). No other
signals in the green visible region (450-600 nm) associated to defects or impurities were
detected.’®® This profile in the PL spectrum confirms that the ZnO structure is highly crystalline
with no structural defects, in agreement with SEM, WAXS and XRD results.
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Figure 13. PL spectra of non-stretched and stretched ZnO fibers measured upon excitation beam
oriented at 90° (in red, configuration a, Scheme 1) and 0° (in black, configuration b, Scheme 1).
The grey curve corresponds to the PL spectrum of pure ZnO nanorods (reference).

The luminescence spectra of the nanocomposites ZnO/PVA fibers display similar, but
broader, profiles as for the ZnO particles alone. This broadening results from the surface
interactions between the free electrons on the ZnO surface and the polymer matrix. For non-
stretched fibers, a similar response is observed for both the longitudinal and transversal
measurements.

Table III. Contribution of each signal (mean peak at ~380 nm and the shoulder at ~390 nm) to
the total emission spectra in different samples. The 380 nm peak corresponding to the
recombination of free excitons through an exciton—exciton collision process and the ~390 nm
peak to optical transitions involving free electrons and neutral-acceptor levels.

Sample % (380 nm) % (390 nm)
ZnO nanorods 63 37
ZnO/PVA fiber (non-stretched) 48 52
ZnO/PVA fiber (150% stretched) 51 49

This isotropic response illustrates the poor alignment of ZnO nanorods after the fiber
extrusion if the post-extrusion stretching is not applied. On the contrary (Figure 13.b.), responses
of stretched fibers display huge differences: the intense UV emission detected when the laser
beam is perpendicular to the fiber main axis (90°) is almost suppressed when the measurement is

conducted with the laser beam parallel to the fiber main axis (0°). This difference can result only
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from the alignment of ZnO nanorods within the composite fiber, and their resulting orientation

with the incident beam. If the propagation vector k of the incident light is normal to the fiber and

concomitantly to the aligned ZnO nanorods main axis, then the light wave, polarized with its
electric field E (perpendicular to E) parallel to the axis of the fiber will give an optimal
interaction with the absorption transition dipole of ZnO (Hzy0), and E. Hz.o Will be maximal. If the
propagation vector k of the incident light is parallel to the main axis of the fiber, then E Hzo 18

almost equal to zero, and almost no PL will be detected.**

111.3.2. Photoluminescence: light emission

In addition to enhanced photoluminescence,” it is expected that spatially aligned 1D ZnO
nanostructures can exhibit polarized emission,*® or photonic confinement.**! The size scale for
reaching quantum confinement and waveguiding phenomena is close to the average Bohr radius
for excitons in ZnO, and this value has not yet been attained in the synthesis of single-ZnO
crystalline wires. We determined if the preferential orientation of ZnO nanorods inside the
polymer provided some of these particular photonic effects as a result of their collective response.
The small diameter of the fibers (~300 um) prevented us from recording the PL emission as a
function of several angles with our current system. Therefore, we positioned the detector at two
positions (Scheme 1), toward the side of the fiber, at 90° of the laser (position 1), or toward the

cross-section of the fiber at 90° of the laser (position 2).

Non-elongated ZnO fibers

z 150%-elongated ZnO fibers
Detector (positionl) Detector (expl)
}.‘
X
907 l
Sy F_-...

Detector - — Detector

\_/ (exp2)

90°

(position 2)

Scheme 2. Schematic representation of PL measurements on non- stretched (left) and stretched
(right) ZnO fibers. The excitation beam strikes perpendicularly to the ZnO fiber (angle of 90°)
and the detector is positioned in two perpendicular directions to the incident laser.

The laser beam was polarized with the electric field parallel to the main axis of the fiber in
order to assure an optimal interaction with the absorption dipole of ZnO. The measurements have

been conducted with identical experimental conditions, and special care was taken to ensure that

69



Chapter 2: ZnO/PV A Macroscopic Fibers Bearing Anisotropic Photonic Properties

no reflected incident beam was hitting the detector. The spectra were finally normalized in order
to compare the intensity of the signals. Figure 14 shows the emission spectra registered for the
composite fibers without (a) or with (b) elongation.

As PL emission is isotropic, its angular dependence mostly depends on the surface of
emission in a given direction. Hence, the emission is enhanced perpendicularly to the main axis
of the nanorods, because the surface of emission is larger, compared to the cross-section of the
fiber. It is also expected that the collective alignment of ZnO nanorods in the PVA fibers, should
give an anisotropic angular emission with two major angles of emission: perpendicular to the
fiber, since the surface of emission of the ZnO nanorods is larger, and along the fiber main axis,
as a result of the anisotropy of alignment of the ZnO nanorods. The comparisons between the PL
spectra upon polarized light excitation for the non-stretched and stretched fibers, show indeed
that the intensity of the emission by non-stretched fibers, is more homogeneously distributed than
for the stretched ones. For example, the emission perpendicular to the fiber (detector in position
1) is enhanced with the stretched fiber (Figure 14.b.), compared to the non-stretched one (Figure
14.a.). More important, the non-stretched fiber does not emit any PL along the main axis of the
fiber (detector in position 2) (Figure 14.b.) whereas the stretched one (Figure 14.a.) demonstrates

a clear PL emission.

a
0.08 - ) 0.08-b)
z )
S 0.06 = 0.06
g g 150%-elongated fibers
N 0.04 Non-elongated fibers 2 0.04 position 1
£> / position 1 ;; :
7 7
= Non-elongated fibers = 150%-elongated fibers
& 0.02 position 2 e 0.02+ position 2
= =
0.00 . . : . e 0.00- . . . : : .
340 360 380 400 420 440 460 340 360 380 400 420 440 460
Wavelength (nm) Wavelength (nm)

Figure 14. PL spectra of non-stretched and stretched ZnO fibers obtained with polarized
excitation beam, and detection according to the setup of Scheme 2 (detector position 1 in blue,
and detector position 2 in red).

Tests to detect photonic confinement and an actual waveguide phenomenon were not
conclusive with our experimental system setup: the presence of flat and parallel end faces on the

nanowires is a requirement for the optical feedback in a resonant cavity, and this feature is very
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difficult to reach when nanorods are interacting with a polymer host matrix. However, our
measurements demonstrate that the parallel alignment of ZnO nanorods along the PVA fiber
main axis allows the nanorods to act collectively as an antenna with polarized optical emission.
This particular alignment provides preferences in the PL emission directions, which should be

enhanced by a still higher alignment of nanorods within the PVA matrix.

Conclusion

Composite macroscopic fibers made of ZnO nanorods embedded into PVA matrix have been
synthesized through extrusion-based co-axial flux nanoparticles alignment, with a modified
process, compared with previous studies.*’ Unlike other works where the very high aspect ratio
of particles allowed for an easy alignment during the fiber extrusion, the correct alignment of the
ZnO particles could be achieved only with a specific post-synthesis fiber stretch process under
hot mechanical traction above the polymer glass transition temperature. The as-synthesized fibers
have been thoroughly characterized at the macro-, meso and microscopic length scales.
According to the XRD pattern, ZnO corresponds well with hexagonal ZnO Wurtzite-type (space
group P63mc) with lattice constants a= 3.25 A and ¢ = 5.21A. Raman spectroscopy has revealed
that the ZnO particles exhibit a high crystallinity, and no significant defects associated to the
extrusion process were observed. A small blue-shift of less than 2 cm™ was detected for the
elongated ZnO fibers, which reveals that the fiber extension process improves the interaction
between the polymer matrix and particles, and creates locally some surface stress in the ZnO
structure. At the mesoscopic length scale, the ZnO nanorods are partially pre-aligned by the
extrusion process itself with an average angle of 31 degrees, but this alignment is not high
enough to emphasize anisotropic properties. Improvement of this alignment through the applied
hot mechanical traction step allowed us to confine the mean alignment of nanorods within a 18°
angle value at 100% elongation, above which ZnO wires main orientation within the fibers
remains constant. Considering these fibers mechanical properties we have found that the
longitudinal Young’s modulus can be increased from 2 to 6 GPa. When photonic properties are
addressed, intense near band edge (NBE) emission with no green emission in the PL spectrum
confirmed that the ZnO particles are highly crystalline with no structural defects. In the case of
non-elongated fibers, an isotropic response was observed in the longitudinal and transversal
measurements. On the contrary, for elongated fibers, the intense UV emission detected when the
ZnO nanorods are aligned perpendicular to the laser beam is almost suppressed when the
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measurement is conducted at an angle of 0°, depicting thereby anisotropic photonic properties.
Similar anisotropy was observed regarding the angular dependence of the photoluminescence

emission.

72






Chapter 3: Photocatalytic TiO, Macroscopic Fibers Obtained Through Integrative Chemistry

Chapter 3:
Photocatalytic TiO;
Macroscopic Fibers Obtained
Through Integrative Chemistry

74






Chapter 3: Photocatalytic TiO, Macroscopic Fibers Obtained Through Integrative Chemistry

Titanium dioxide (TiO2) is a typical n-type semiconductor which has been widely used in
industry due to its unique and various properties such as its anti-bacterial property, its stability
(chemical resistance to acidic media), its super hydrophilic behavior under radiation, its
electronic, magnetic, electrochemical, and photocatalytic properties. This material is found in
applications such as photovoltaic cells with Dye-Sensitized solar Cells, sensors, self-cleaning
coatings, cosmetics (UV protection), painting, and air and water depollution (heterogeneous
catalysis).

This chapter describes our investigation on TiO, photocatalytic property used for air
depollution, because. TiO, is well-known for successfully eliminating pollutants in gas or liquids.
Nanostructured TiO: exhibits enhanced photocatalytic activity compared to conventional bulk
materials because of its high surface area to mass ratio, which makes it one of the most
intensively researched substances in the past decade. In this PhD project, we have been attached
to provide an additional structure with the synthesis of 1D macroscopic structures (fibers)
composed of pure TiO,. We studied the influence of the fibers structural parameters on the
photocatalytic properties, the structural parameters being adjusted by varying the formulation. In
a first step, the fibers were generated and their composition was determined. Then, their structural
parameters were investigated (porosity, roughness). Finally, these parameters were related to the

photocatalytic performance of these fibers for air depollution.'
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I. General principle and objectives

1.1. TiO; structure

The electronic structure of Titanium is (15)*(2s)*(2p)°(3s)*(3p)®(3d)*(4s)” which means that it
possesses four valence electrons, two on its 3d orbital, and two on its 4s orbital. Oxygen, with a
(1s)%(2s)*(2p)* electron configuration, possesses six valence electrons on its outer shell, but, only
two electrons on the 2p orbitals can create bonds with other elements as the four others belong to
lone pair electrons. As it needs only two electrons to fill its orbitals and because it is more
electronegative than the Titanium, the Oxygen will have the tendency to attract electrons whereas
Titanium will have the tendency to give electrons. The determination of the valence band and the
conduction band is quite complex as it results of the overlap of the Oxygen 2p and the Titanium
3d and 4s orbitals with the formation of bonding and anti-bonding orbitals (see Chap. 1 section
II.1.2). However, in this configuration, the valence band can be described as the oxygen 2p
orbital in character whereas the conduction band can be described as the Titanium 3d and 4s
orbitals in character.

With this electronic structure, titanium dioxide can form three major crystalline phases:

Rutile, Anatase and Brookite (Figure 1).2

b)

C

- -

Figure 1. TiO, crystalline phase representation a) Rutile, b) Anatase, and c) Brookite. The
oxygen atoms are represented in red, whereas the titanium atom is represented in white.”

The Anatase and Rutile phases possess a tetragonal network and Brookite is rhombohedral.
The Rutile phase is an arrangement of octahedra which are composed of six oxygen atoms on
their corner and one titanium atom at their center.” > In this structure, each oxygen atom is bound
to three titanium atoms, and each titanium atom is bound to six oxygen atoms. The Rutile phase
belongs to the P4,/mnm space group with the lattice constants a =b = 4.594 A and ¢ = 2.959 A.

The Anatase phase is similar to the Rutile phase, except that its structure is more distorted.
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Compared to the Rutile phase, the Anatase phase possesses two Ti-O bonds that are much longer
than the other four and the O-Ti-O bond deviates from an angle of 90°. It belongs to the /4,/amd
space group, with the lattice constants a = b = 3.783 A and ¢ = 9.514 A. Brookite has an
orthorhombic cell. The Brookite crystalline structure is also composed of TiOg octahedra with
interatomic distances and O— Ti—O bond angles in the same range as those of Rutile and Anatase,
but with a broader distribution due to the structure distortion: the six Ti—O bonds possess
different lengths ranging from 1.87 to 2.04 A, and the twelve O-Ti—O bond angles are also all
different ranging from 77° to 105°.*

Due to their respective structure, each TiO, crystalline phase presents specific properties,
which will make them suitable for different domains of application. For example, due to its high
refractive index and thermodynamic stability, Rutile is used in white coatings and paints (high-
grade, corrosion-protective), plastics, rubber, leather, paper, or sun-block lotion. Due to its
electronic structure, Anatase has excellent optical properties (light absorption) and it is mostly
used as an optical coating or as a photocatalyst. Brookite has no true application until now.’ In
our project, we were then interested in synthesizing TiO, nanoparticles with the Anatase structure
as it is the most efficient for photocatalysis application. It has been reported that Anatase is
preferentially synthesized as nanoparticles with small crystallites size (below 30nm).””’ Tt has
also been demonstrated that the shape of the particles could influence their properties, which was
illustrated by looking at its influence on the performances of Dye-Sensitized Solar Cells.® In the
part I1.1.2, we demonstrate how it is possible to change the experimental conditions of a single

procedure in order to obtain the Anatase phase rather than Rutile.
1.2. Photocatalysis

1.2.1. General concept

A catalyst is a component that allows accelerating a thermodynamically favored reaction
with low kinetics, and which is entirely regenerated at the end of the chemical reaction.
Heterogeneous catalysis involves a solid phase interacting with either gaseous or liquid
compounds, and photocatalysis is a reaction where the catalyst is activated by light.
Photocatalysis uses mostly semiconductors, among them titanium dioxide (TiO,) is a major actor
in heterogeneous catalysis as it is abundant, cheap, non-toxic, and stable. Moreover, its band gap

energy and the position of the first excited electron states confer the suitable energy to perform
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various reactions such as the water photo-electrolysis, or oxidation of organic pollutants.
However, as TiO, absorbs only Ultra-Violet (UV) light, it is mostly used in combination with an
external UV light source for application such as air depollution.

The equations representing the chemical reaction that occurs during the photocatalysis
process and the major conclusions presented in this paragraph are extracted from the reviews of
Berger et al.’, Fujishima ez al.'® and Hoffmann ez al.'' The reaction path leading to the pollutants
degradation starts with the photon-induced generation of electron-hole excitons within the TiO,
structure (E.1).

TiOy + hv = eprpe + hiree (E.1.)

These excitons can relax through three mechanisms that compete with each other as a
function of the experimental environment (Figure 2): the exciton can simply recombine within
the bulk releasing heat (step b), they can be trapped at the surface in defect sites (step a, ¢, and d),
or they can react with molecules adsorbed onto the material surface. Once the electrons and holes
are trapped at the material surface, they can react with acceptor (step d) or donor molecules (step

¢), respectively, or recombine at surface trapping sites (step a)."

hv

h*+RH — R*+ H*
h,* + H,O —> *OH, + H*
h1r+ + 02.- —> |02

e, +R*+H* - RH

A
e, +0,—> 0"
e, + H,0, — *OH, + OH-

A-

m = ¢lectron

o = hole

Figure 2. Schematic representation of the possible processes which can happen after the excitons
have been generated a) excitons trapped at the surface, b) recombination of the excitons in the
bulk, c¢) reaction between a hole and a donor specie, and d) reaction between an electron and an
acceptor specie. '

The experimental conditions such as the temperature, the light source and the relative

humidity can favor one process towards the others, which is also controlled by the material purity
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and nanostructure. For Ti0O,, the excitons tend to react mostly with oxygen and water. Therefore,

photocatalysis has to be conducted in a controlled atmosphere where humidity can be regulated.
[.2.2.  Air depollution

12.2.1. General case

Excitons generated by the photons within the titania structure, can reach the surface of
crystals and react with adsorbed molecules, either directly with the pollutant, or with other
molecules and creating free radicals that will then react with the pollutant. When they react with
water and oxygen molecules present in the surrounding air, new species bearing high reactivity
towards the pollutant are created, the most common being OH® and O,*". The reactions leading to

their creation are:

h* 4+ Hy0405s > OH® qyrpace + HT E.2.
e~ + 0z gas ™ Oz'_surface E3.
e + 02 ads + HY - HOZ.surface « Oz.gurface + H* E4

The reaction between water molecules and holes (E.2.) leads to the creation of new hydroxyl
groups at the surface, which makes the TiO, super-hydrophilic. Moreover, it leads to the release
of H' species, which can be involved in new reactions. However, as this reaction consumes holes,
it is in competition with the reactions involving direct interactions between holes and pollutant.
In consequence, these last reactions can only occur once the surface is saturated in OH® groups.
The other reactions depicted (E.3. and E.4.) leads to the formation of O*. This last specie has
been demonstrated to be less active than OH® or h” in oxidation reaction with the pollutant, but
can lead to the formation of more reactive oxygenated species (E.5. to E.8.). The reaction
pathway leading to the formation of these species plays an important role in air depollution as the
hydroxyl groups created are no more adsorbed on the surface and can react in all the
experimental volume.

The determination of the predominant process leading to the oxidation of the pollutant is still
controversial: formation of the OH® radical has been postulated to be the predominant process
species for a long time, but according to the review of Fujishima er al.'’, h* plays also an

important role depending on the experimental conditions. Indeed, in some conditions, one of
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these two processes can be inhibited whereas in other cases, they are both active. In this context,

the predominant process has to be determined for each experiment.

05" + 03 +2H* > H,0, + 0, E.S.
H,0,+ e~ > OH" + OH™ E.6.
H,0, + 03~ » OH* + OH™ + 0, E.7.
H,0, + hv > 2 OH® E.S.

12.2.2.  Acetone degradation

The aim of photocatalysis is to fully degrade a pollutant until the only resulting products are
carbon dioxide (CO,) and water,'? with the pollutant being “mineralized” if the full degradation is
observed. However, it happens that the photocatalysis reaction creates intermediary or secondary
pollutants called by-products, creating a cascade of additional reactions until these by-products
are mineralized in their turn.

In this project, we decided to use acetone as the pollutant because it is a common indoor
pollutant generated by daily products such as cleaning and cosmetic products. During the acetone
degradation, the major by-products created are formaldehyde, acetaldehyde, formic acid, and
acetic acid. As the two latter ones are in equilibrium with their basic form adsorbed at the surface,
they are not identified in the gaseous phase. In consequence, only the formaldehyde and the
acetaldehyde can be detected during photocatalysis, which makes them the best probes to
measure the photocatalytic activity of TiO,. The photocatalytic properties of titanium oxides are
well known, but photocatalysis depends also on the kinectics of reaction, and increasing the
contact time between pollutants and TiO, is a way to improve overall the process, without
changing the intrinsic properties of the material itself. Therefore, one of the objectives of this

study was to increase this time by controlling the structural parameters of the fibers.
I.3. Organization of TiO; in macroscopic fibers and objectives

Recent studies show that TiO, photocatalytic ability was enhanced by preparing various
morphologies of nanostructured TiO; including nanoparticles, nanofibers, nanostructured films or
coatings, and nanotubes.'** Numbers of recent works reported especially the fabrication of one-

29-31

dimensional (1D) TiO, photocatalyst. Indeed, the large surface-to-volume ratio, the enhanced
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adsorption of various reactants, and the favorable morphology for enhancing a longer reactant-
catalyst contact, are expected to improve, overall, the properties of these materials.’> Among the
techniques developed for the fabrication of 1D TiO, nanostructures, electrospinning offers
several advantages like simplicity, process controllability, low production-cost, and scalability
for producing industrial quantities.”>® However, one penalty inherent to the electrospinning
technique is that native fibers are randomly dispersed during the synthesis step, resulting in a
direct loss of unidirectionality at the macroscopic scale. It is expected that enhanced
photocatalytic performances could result from synergy between the catalyst 1D hierarchical
structure, and optimized unidirectional gas flux. Design of such a hierarchical anisotropy can be
addressed through an Integrative Chemistry pathway, which allows for multiscale material
processing.”” *' Material organization at the nanoscale can be controlled by structure-directing
agents and soft chemistry processes, whereas organization at the micrometric scale can be
successfully achieved by extrusion of organic-inorganic 1D nanocomposite fibers, as shown for
the design and production of carbon nanotubes,** and vanadium oxide macroscopic composite
fibers.”* We studied in this report, how the specific 1D shape design, and orientation, of TiO,
at different scales, can actually influence the photocatalytic properties, as a function of an
unidirectional gas flow. Therefore, three types of titanium nanoparticles (nanorods & isotropic)
were synthesized, extruded as nanocomposite fibers, and processed as to evaluate the influence of

fiber orientation on the photocatalytic degradation and mineralization of acetone.

I1. Studied system and experimental protocol
As the same characterization techniques are used in this chapter and in the following chapter,
all the characterization technique protocols are described in the Annex 3.1. in order to avoid

repetitions.
I1.1. TiO; nanoparticles syntheses
II.1.1. TiO, nanorods

The synthesis of TiO, nanorods was inspired from Sugimoto et al.*® Typically, 20.7 mL of
titanium isopropoxide were mixed with 20.1 mL of triethanolamine under stirring, and the
resulting solution was shared in three and poured into closed flasks. Each flask was completed

with deionized water till 30 mL, followed by the addition of 1.4 mL of ethylenediamine. Finally,
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deionized water was added under stirring till 100 mL, and a first aging leading to a gel formation
was carried out by leaving the closed flasks at 100°C for 24 h in an oven. The resulting solution
was poured into Teflon-lined autoclaves for a second aging step at 140°C for 72 h to nucleate and
grow titania particles. Suspensions were cooled down through the autoclaves inertia. Final
suspensions were successively centrifuged at 17,000 rpm for 25 min, and washed with the
following liquids: deionized water; HNO3 3M; deionized water; ethanol; NaOH 1M; deionized
water; HNO; 3M; deionized water.

II.1.2. TiO, spherical particles

In a first experiment, 5 mL of a 37 wt% HCI solution were first added to 50 mL of a 15%w
TTAB (tetradecyltrimethylammonium bromide) solution in a beaker. 6.4 mL of titanium
isopropoxide was then slowly added under stirring, and the solution was left at room temperature.
A slurry-like white precipitate was formed after several hours, which was recovered after full
evaporation. The resulting powder was washed several times with deionized water until no
foaming resulting from the remaining surfactant was observed. Another synthetic path was
developed using 50 mL of a 15 wt% solution of a nonylphenol-EO;y nonionic surfactant
(Tergitol™ NP-10) in place of TTAB, all synthesis parameters remaining the same.

The crystalline structure of the powder obtained was analyzed with a thermally-assisted X-
ray diffraction (XRD) (Annex 3.1.I). The chamber is thermally controlled which allows
performing the experiment at different temperature, the range selected being 25-900°C.

As displayed in Figure 3.A., through this synthetic pathway, the Rutile phase is the only
crystalline phase be observed between 25°C and 900°C. However (see part I.1), the Rutile
structure is not as effective in photocatalysis as Anatase. And the first synthetic pathway was
modified to allow for the formation of Anatase. There are five parameters (part I.1.1.2) that can
be adjusted to favour one specific structure: the organometallic precursor and its concentration,
pH, temperature, and solvent. Therefore, in a second step we kept all parameters constant, except
for the pH that was modified and increased up to 1.8 with addition of ammonia before addition of
the titanium isopropoxide. This method was applied with both surfactant additives (TTAB or
Tergitol™ NP-10). With this method, the Anatase phase is obtained at 25°C and remains up to
600°C (Figure 3.B.). In consequence, this synthetic pathway was used to synthesize the TiO,

nanoparticles that were used in all the experiments described in this chapter.
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Figure 3. X-rays diffraction patterns of (A) 4-TERG-TiO, powder synthesized at pH=0, (B) 4-
TERG-TiO, powder synthesized at pH=1.8, at a temperature of 25°C (a), 100°C (b), 200°C (c),
300°C (d), 400°C (e), 500°C (f), 600°C (g), 700°C (h), 800°C (i) and 900°C (j). A: Anatase; R:
Rutile.

I1.2. TiO,/PVA co-extrusion process

First, the concentration of the aqueous suspensions of TiO,, obtained in part II.1.1. and in
part 1I.1.2., was adjusted at 2.5 wt% for titania nanorods, and at 4 wt% and 10.5 wt% for
spherical particles prepared with Tergitol or TTAB (verified with dry extracts). The variation in
the TiO, concentration aimed at modifying the structural parameters of the final fibers. Solid
PVA was then added into the solution under stirring at 90°C in a proportion of 1.2 g of PVA for
10 mL of solution. This solution was kept under stirring for 1 hour until the PVA was fully
dissolved and then cooled down at room temperature. The fibers were generated by needle
injection (spinneret diameter of Imm) of the PVA/TiO; sols into a rotating bath (25 rpm)
containing a saturated salt solution of Na,SOy at 45°C (Figure 4) to induce the coagulation of the
PVA chains, via a salt effect. This mechanism, which minimizes the electrostatic repulsion, has
been already employed for the spinning of neat PVA fibers.”” The gelation mechanism was
presented in Chap.1, part 11.3.3.2. The extrusion speed was set at 40 mL.h"", and the flux was
maintained tangential to the rotation axis of the beaker in order to promote a pseudo-coaxial flux
at the external part of the syringe hole. Upon the completion of the extrusion process, the
TiO,/PVA fibers were meticulously taken out of the beaker by hand and allowed to dry in air.
Finally, the fibers were washed once in water to remove the excess of salt.

Anisotropic particles alignment during extrusion, is limited because their shape factor is not

large enough, and the PVA chains do not adsorb strongly onto TiO, nanoparticles, as required to

84



Chapter 3: Photocatalytic TiO, Macroscopic Fibers Obtained Through Integrative Chemistry

induce bridging coagulation.”® The absence of spontaneous coagulation allowed us to directly
mix TiO; particles and PVA through homogeneous dispersions, where PVA is used as a porogen
agent that will create inter-particle void spaces upon calcination. Both surfactants (TTAB and
Tergitol NP-10) used during the isotropic nanoparticles synthesis play the role of dispersant in a

first place, responsible for another level of porosity within the final fiber.

Figure 4. Pictures of TiO, fibers generation through extrusion process (a) Extrusion process,
bottom embedded figure focused on the needle out-flow (b) view from above once extrusion has
been performed, (c) fiber manual extraction from the beaker. The yellow arrow indicates the
rotational beaker.

I1.3. TiO; fibers sintering

The as-synthesized fibers were then sintered under air at 450°C for 6 hours in order to
remove the organic part while promoting crystallization. Overall, five different inorganic fibers
were prepared and labeled hereafter X-Y-TiO, where X concerns the weight % of particles in the
sol, and Y the nature of surfactant (Y is replaced by “RODS” for the fibers containing TiO,
nanorods). Thereby, we report in the following the comparison among several fibers, named as:

2.5-RODS-Ti0,, 4-TTAB-Ti0,, 10.5-TTAB-Ti0,, 4-TERG-TiO, and 10.5-TERG-TiO,.

II1. Characterization of the fibers

II1.1. Characterization of the fibers structure

II1.1.1. Fibers composition

The as-synthesized nanocomposite macroscopic fibers are made of TiO, nanoparticles, PVA,
and some remaining sodium salt with some degree of hydration. The element composition of
fibers was evaluated trough C, Ti, and Na elemental analyses combined with Thermo-Gravimetry
Analysis (TGA, under air, 2°C/min), and their stoichiometry is given in Table 1. The elemental

analyses were obtained by coupling laser ablation with plasma torch and mass spectroscopy.
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Figure 5. TGA curves of (a) 2.5-RODS-TiO,, (b) 4-TTAB-TiO,, (c) type 10.5-TTAB-TiO», (d) 4-
TERG-TiO,, and (e) 10.5-TERG-TiO, fibers, the mass loss between 0 and 200°C corresponding
to the water content.

Table 1. Elemental analyses of TiO, fibers obtained by coupling laser ablation with plasma torch
and mass spectroscopy (ICP-MS), and their resulting stoichiometry.

: % weight o ;
Fibers Stoichiometry %w Ti0,
C Ti Na H,O
2.5-RODS-TiO; 35,5 9.4 5.1 3.6 (TiO2)1(PVA)ys(Na;SO4)os.1.3H,0 12
4-TTAB-TiO, 242 114 82 3.4 (TiO,)1(PVA)s(NaySOy);1.1.2H,0 15
10.5-TTAB-TiO, 17.4 184 10.7 2.9 (TiO3)1(PVA),7(NaySO4)55.0.65H,0 24
4-TERG-TiO, 31.7 11.2 4.6 4.1 (TiO3)1(PVA)75(Na;SO4)es.1.5H,0 15
10.5-TERG-TiO, 18 18 9.9 3.2 (TiO2)1(PVA),7(Na;SO4).76.0.7H,0 25
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II1.1.2. Surface composition
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Figure 6. XPS spectra of the TiO, macroscopic fibers. (a) Survey spectra in the range 0-700 eV,
(b) spectra focused on the Ti-2p region, (c) spectra focused on the O-1s region, (d) spectra
focused on the C-1s region, (e) spectra focused on the S-1s region, (f) spectra focused on the Na-
Is region. We can notice that the Na-1s spectrum is out of the range of the Figure 6.a. survey.

We ran XPS studies to probe the chemical composition of the different fibers. Indeed, it is
important to check if the 450°C thermal treatment applied to the fibers could allow us to get rid
of all carbon residues, for a better photocatalytic effect, because XRD (Figure 3) demonstrated
that the temperature cannot be increased limitless without inducing the Anatase-to-Rutile
transformation, another major drawback since Rutile is less effective than Anatase for
photocatalysis. The qualitative results of first XPS experiments are displayed in Figure 6. Survey
spectra were taken (Figure 6.a.) and the presence of Titanium (Ti*"), Oxygen (carboxyl groups),
Sulfur (sulfate groups), Carbon and Sodium was evidenced. The atomic distribution through the

fiber thickness was also measured by coupling XPS with Ar-ion sputtering technique (Figure 7).
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Figure 7. Surface relative atomic concentration of the calcined fibers extracted from X-ray
photoelectron spectrum (XPS), summed to 100% relative (a) 2.5-RODS-TiO,, (b) 4-TTAB-TiO,,
(c) 10.5-TTAB-TiO,, (d) 4-TERG-TiO,, (e) 10.5-TERG-TiO, fibers, and (f) example of
deconvolution spectra for the Cls peak obtained for the 10.5-TTAB-TiO, fiber (pass energy 40
eV).

The evolution of the atomic composition (summed to 100%) as a function of the fiber depth
(Figure 7.a.-e.) demonstrates that the fiber composition varies within a first surface shell, namely
from the fiber surface down to 12 nm, and in the sub-surface region of the fiber from to 12 nm
down to 40 nm. The carbon concentration is high (25%) at the surface and decreases down to 10-
15% at 12 nm from the surface, followed by a steady reduction to 10-12% atomic percentage at
40 nm from the surface. Cls peaks (Figure 7.f.) demonstrate that carbonate and other carboxyl
groups are present at the fiber surface. This excess in Carbon concentration should result from
Carbon residues still remaining after the thermal treatment at 450°C. Automatically, as the

Carbon concentration decreases from the outer to the inner surface, all the other relative atoms

concentration are increasing, except for Sulfur and Sodium, depicting a constant atomic

88



Chapter 3: Photocatalytic TiO, Macroscopic Fibers Obtained Through Integrative Chemistry

concentration profile. This evolution reflects a homogeneous distribution of the TiO, phase
within the fiber, whereas the constant rate of Sulfur and Sodium, which is artificially increased by
the Carbon concentration reduction, means that the actual concentration in sodium sulfate is
higher at the surface of the fibers. As the fibers contain a significant amount of carbon at their
surface, they will be treated with UV light prior to the photocatalysis experiment in order to
eliminate these carbon residues. As the salt could also impact the fibers photocatalytic behavior,
it is needed to find a way to wash the fibers more efficiently. This was achieved by using a semi-

industrial process which is presented in Chap. 4, part II.

II1.1.3. Structural analyses

Once these hybrid fibers have been synthesized we applied thermal treatment to both
promote TiO, nanoparticles crystallization and create inter-particle void space. As said within the
experimental section, the TiO, nanorods synthesis provides immediately the TiO, Anatase
allotropic form (Figure 8.E.) and calcinations result only on creating inter-particles void space
though PVA calcination. Concerning the other syntheses using TTAB and Tergitol, we employed
thermally-assisted X-ray diffraction (XRD) to assess the evolution of the crystalline structure
during thermal treatment (Figure 8.A.-B.).

The spectra present organic diffraction peaks at room temperature vanishing when the
temperature reached 400°C. We can notice that broad peak representative of the [101] Anatase
Miller indices at room temperature cannot be distinguished on the TTAB-TiO, fibers
diffractogramm. When the temperature of the thermal treatment increases, the Anatase
monophasic form peak becomes sharper from 100°C to 600°C. We can also notice a shoulder
aside the Anatase [101] diffraction, disappearing at 700°C in both cases. This diffraction peak is
certainly due to sodium sulfate (present within the starting composite fibers), which is probably
oxidized at high temperature (Table 1). This hypothesis was validated by XRD pattern of the
dried powder used to generate the starting TTAB-TiO, and TERG-TiO, sols where the as-
discussed above-shoulder is absent from the full set of diffractogramms (Figure 8.C-D).

Above 600°C, and up to 900°C, the allotropic transformation from Anatase to Rutile occurs
leading for both TTAB-TiO, and TERG-TiO, inorganic fibers to a biphasic Rutile/Anatase
material. As the TP-XRD-experiments were monitored at 2°C per minute, we kept this ramp
value for treating the fibers at 450°C (2°C.min™" heating rate) during 6 hours, in order to fully

calcine the organic counterpart of the starting composite fibers, while promoting monophasic
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Anatase crystallization. The crystallites size of the particles inside the calcined fibers was
evaluated using the Debye-Scherrer formula: D = kA/(H.cos(0)), with D the crystallites diameter,
k the shape factor (k = 0,9), A the incident light wavelength (Acykqa1 = 1,5406 A) H the full width
at half maximum of the peak, and 0 the Bragg angle. The crystallites size of the spherical

particles was about 6 nm and the crystallites size of the nanorods was about 11x20 nm.
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Figure 8. X-rays diffraction patterns at different temperatures. (A) 4-TTAB-TiO, fibers, (B) 4-
TERG-Ti0; fibers, (C) 4-TTAB-TiO; powder, (D) 4-TERG-TiO; powder, (E) 2.5-RODS-TiO,
powder, at 25°C (a), 100°C (b), 200°C (c), 300°C (d) 400°C (e), 500°C (f), 600°C (g), 700°C
(h), 800°C (i) and 900°C (j). A: Anatase; R: Rutile.’"

II.1.4. Fibers porosity

SEM analyses (Annex.3.1.II) allowed us to visualize the distribution of particles and pores
after this thermal treatment (Figure 9). We observe that the diameter of the fibers varies with the

initial concentration of the inorganic phase in the extruded sol. When the concentration in TiO,
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increases from 2.5 wt% (Figure 9.a.) to 4 wt% (Figure 9.c.-e.), then 10.5 wt% (Figure 9.g.-1.), the
diameters increase as well from 230 pm (Figure 9.a.), to 500 um (Figure 9.c.-e.), and finally 700
pum (Figure 9.g.-1.), respectively. This evolution is the result of the variation in the sol viscosity,
resulting from the particles concentration, which balances the shear applied over the extruded jet.
Regarding the 2.5-RODS-TiO, fiber, the final diameter can be also relevant to a shape effect
from the needle-like TiO; particles, as already reported for vanadium oxide macroscopic fiber
diameter.** However, it appears (Figure 9.b.) that the TiO, needles are randomly positioned
within the fiber core, which precludes a similar shear-thinning effect. A close observation of the
fiber surface (Figure 9.b,d.,f.,h.,j.) reveals also the interparticle porosity, that ranks within the
mesoporosity range (above 2 nm),according to the [UPAC nomenclature.”

The porosity was studied by nitrogen physisorption measurements (Annex.3.1.IITI) on

100nm 100nm

Figure 9. SEM images of the different thermally treated TiO, fibers: 2.5-RODS-TiO, fiber (a)
and (b), 4-TTAB-Ti0; fiber (c) and (d), 10.5-TTAB-TiO, fiber (e) and (f), 4-TERG-TiO, fiber
(g) and (h) and 10.5-TERG-TiO; fiber (i) and (j).

calcined fibers (Figure 10.a.-e.). All curves exhibit a rather straight adsorption curve, which can
be described as a mix of type II-IV isotherms, along with a broad pore size distribution in the
mesoporous range. Almost hysteresis is observed. The lack of steep adsorption at P/Py < 0.05,
indicates that the fibers do not bear microporosity. It is finally noteworthy that the nitrogen
isotherm of the 2.5-RODS-TiO, fibers differs slightly from the others at high P/P, values (above
0.9), and that the hysteresis is still small but more pronounced than for the other samples. We
explain this feature as a result of the aggregation of anisotropic particles in bunches that can

contribute to define some bottle-neck porosity.
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Figure 10. Nitrogen physi-sorption experiments. B Adsorption curves, @desorption curves. (a)
2.5-RODS-TiO,, (b) 4-TTAB-TiO,, (c) 10.5-TTAB-TiO,, (d) 4-TERG-TiO,, (e) 10.5-TERG-
Ti0, fibers. Pore sizes distribution deduced from nitrogen adsorption curves (f) 2.5-RODS-TiO,
fibers, (g) 4-TTAB-TiO,, (h) 10.5-TTAB-TiO,, (i) 4-TERG-TiO,, and (j) 10.5-TERG-TiO,
fibers.
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We explain this feature as a result of the aggregation of anisotropic particles in bunches that
can contribute to define some bottle-neck porosity. The pore size distribution (Figure 10.h.-j.),
calculated with the BJH equation from the desorption curves, indicates that the pore size ranges
between 6 nm and 15 nm.”® The specific surfaces area of the titanium dioxide fibers are displayed
in Table 2. All surface areas are relevant to mesoporosity. The specific areas are ranging from
100 to 700 m*.g". The lower surface areas are obtained with the fibers synthesized with the
higher titanium oxide weight fraction (10.5 wt%). We assumed that the high values of the
specific surface areas was due to the high amount of pores on the fibers surface (very high total

pore volume), which was generated thanks to this specific synthetic pathway.

Table 2. Specific surface area of the calcined TiO, fibers obtained through Nitrogen physi-
sorption experiments. * BJH determined from the desorption curves.

. BET surface BJH surface* Total Pore Volume Ds
Fibers 2 -1 2 -1 -1
m-.g m-.g mL.g (surface roughness)

2.5-RODS-TiO, 520 450 0.76 2.37
4-TTAB-TiO, 430 412 0.53 2.3
10.5-TTAB-TiO, 106 120 0.16 2

4-TERG-TiO, 700 652 0.82 2.31
10.5-TERG-TiO, 190 214 0.26 2.1

I11.1.5. Surface roughness

The surface roughness of these materials can be an important factor in photocatalysis, for an
optimized interaction between the pollutants and the catalyst. It was evaluated from the
determination of the Fractal surface Dimension (Ds), which can be deduced from the nitrogen
isotherm adsorption curves (Figure 11 The calculations allowing the determination of the fractal
dimension are presented in Annex 3.1.1II. Ds must vary between 2 (flat surface) and 3. Any value
higher than 2 describes an increasing surface roughness.

We see in Table 2 that Ds becomes closer to 2, as the TiO, content increases. This is
especially true for 10.5-TTAB-TiO, which presents a flat surface (Ds = 2). We assume that
increasing the percentage of inorganic mater within the starting sol favors the stacking of the
titania particles during the drying process, and increases the efficiency of sintering during the

thermal treatment, which results in both lower porosity and surface roughness.
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Figure 11. Surface fractal analysis of a) 2.5-RODS-TiO,, b) 4-TTAB-TiO;, ¢) 10.5-TTAB-Ti0O,,
d) 4-TERG-TiO,, e) 10.5-TERG-TiO, fibers obtained from the adsorption curve of the isotherm.

I11.2. Optical properties and band gap

Light penetration was modeled with the Kubelka—Munk model that describes the light
penetration in porous media (F(R)) with only two parameters: an absorption coefficient of the
porous solid, k, and an isotropic particle size-dependent scattering coefficient, s (which both have
units of cm 1).>*

We performed DRUV experiment in order to determine the energy band gap of our fibers,
which corresponds to the energy where the fibers absorb a maximum of photons. This parameter
is important to determine the type of UV lamps that are used for the photocatalytic experiment.
The DRUYV spectra of the calcined fibers are shown in Figure 12.a. The calcined fibers were also
grounded and sieved through a 90um mesh in order to obtain a higher contribution from the bulk
of fibers, compared with the surface signal collected from the fibers themselves (Figure 12.b.).
The spectra of these powders display a similar absorption edge with a mean value of 3.1eV+ 2%,
for all the fibers. Such a bandgap is smaller than the often-reported 3.2 eV for anatase, but are
still consistent.”> We concluded that the crystalline structure and the intrinsic optical properties of

the TiO is not significantly affected by the starting solution concentration in TiO, nanoparticles.
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Figure 12. Diffuse reflectance UV spectra of (a) the calcined fibers, (b) the grounded and 90 pm
sifted powdered fibers.

I11.3. Photocatalytic properties

111.3.1. Experimental set up and modelisation

Photocatalytic mineralization of gaseous acetone was carried out in a specially designed
batch reactor (Scheme 1), based on a PTFE circulating loop where a photoreactor 1 was inserted.
Acetone was chosen as a test for Volatile Organic Compound (VOC) decomposition, because its
photocatalytic mineralization is well documented.’®>® The photocatalytic experiment protocol is
described in Annex.3.1.V. Photocatalytic activity of our samples was compared with Quartzel®
PCO from Saint-Gobain Quartz and a commercial nanocrystalline anatase (P25 from Evonik),
under strictly identical conditions (reactor, lamps, flow-rate, % RH, initial acetone
concentration). The ratio of remaining acetone are given per gram of photocatalytic media, even
though it is known that Quartzel® fibers are made of quartz fibers coated with TiO, (composition
of the commercial product unknown, fiber diameters 9 um, specific surface area 120 m.g™).

The detailed photocatalytic experiment protocol is presented in Annex.3.1.V. The relative
humidity was adjusted to 15 % , the flow-rate of the circulation pump was 3.3 L. min’,
corresponding to a 0.7 m. s velocity of the gas on the photocatalytic media for reactors 1. The
device leaks were determined by introducing acetone and monitoring its concentration along with
the CO, concentration in the dark for 20 hours, and their contribution were further subtracted.

The equations used for the calculation of the acetone degradation and the mineralization yield are

presented in Annex.3.1.V.
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Scheme 1. Photocatalytic circulating batch reactors designed for gas-solid reactions.

111.3.2. Fibers photocatalytic performance

We probed the influence at different scales (1D micrometric fibers, isotropic or needle-like
particles, surface roughness) of the hierarchical architecture of TiO, materials onto their
photocatalytic performances. The cylindrical reactor containing a pyrex canister was designed to
test the fibers with a parallel flow gas. In a first step the photocatalytic device and the reaction
conditions were settled with commercial TiO; fibers (Quartzel® PCO, Saint-Gobain Quartz) in
the same configuration. The performances of the TiO, fibers were then compared to those of this
commercial material under identical conditions. Complementary comparison was made using the
90um powder from the 10.5-TERG-TiO, fibers. This powder was deposited as a slurry on the
pyrex canister in the reactor (11.8mg of the grounded fibers). The results are given in % acetone
degradation per gram of media on one hand, and in % of mineralization of the acetone during the
experiment on the other hand. Mineralization percentage is defined as the number of moles of
CO; evolved per mole of degraded acetone (Figure 13). Evolution vs time of the acetone

degradation and the associated mineralization rate are presented in Figure 13.a.-b. The fibers
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present photocatalytic properties as they degraded and mineralized acetone (Figure 13) when

settled in the reactor. The commercial material has a higher degradation rate, which is not

surprising since our fibers are too thick to allow a high light penetration.
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Figure 13. a) Evolution vs time of acetone degradation b) Evolution vs time of mineralization
rate ¢) Comparison between the final acetone degradation percentage and the final mineralization
percentage of the five types of fibers, the powdered 10.5-TERG-TiO, fibers, and the Quartzel ®
under irradiation of acetone at 366 nm (RH 15 %, temperature 22 + 2 °C, initial acetone
concentration 45 ppmv, air flow rate 3.3 L minute™).

Nevertheless, we observe that our fibers exhibit a similar or higher mineralization rate when
dealing with anisotropic particles (full degradation of acetone into CO,) than those of the
commercial products (Figure 13.c.). We noted also that the 10.5-TTAB-TiO, fibers, with the
lowest surface roughness (Ds = 2) exhibit the lowest percentage of mineralization and the lowest
acetone degradation per gram of media. The 2.5-RODS-TiO; fibers were found to be the most

efficient in term of mineralization percentage (95%). However, as their surface roughness is also

higher than the ones of the other fibers, it is difficult to conclude on the better mineralization of
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the anisotropic nanoparticles compared to the isotropic ones. The surfactant used for the TiO,
nanoparticles synthesis does not seem to have a significant influence on the acetone degradation
per gram of media, as the results are similar in both cases. However, TERG-TiO, fibers seem to
have slightly higher performances for both the acetone degradation and the mineralization. These
results confirm that the initial size of fibers (several hundreds of microns) do not allow for a
complete access of light to titania, but the higher level of mineralization supports the concept of a
higher residence time for the acetone by-products leading to a high percentage of degradation.
Moreover, the loss of efficiency with the 10.5-TTAB-TiO; and the 10.5-TERG-TiO; fibers
compared to the 4-TTAB-TiO; and the 4-TERG-Ti0O; fibers can be assigned to the lack of surface
roughness, compared with other materials. Also, the diameter of the fibers was too large and the
UV light could only penetrate in the shell of the fibers, which let the center of the fiber inactive
for photocatalysis reaction. As the performances were evaluated per gram of media, we assumed
that the large diameter of the fibers was also a factor responsible for the low performances of our
fibers compared to the commercial product. This factor was checked by comparing the 10.5-
TERG-TiO, fibers (degradation: 2 %, mineralization: 68%) with the same fibers crushed and
sieved at 90um powder (11.8 mg deposited onto the walls of the canister). The results obtained
with the crushed fibers (degradation: 21.23%; mineralization: 50 %) demonstrate that the
degradation was improved by the surface effect that allowed for a better irradiation, but the
mineralization is reduced due to the disappearance of the fiber shape factor that allowed for a
higher residence time. We could deduce from this result that reducing the diameter of the fiber
could help improving their performances. No by-product was detected within the sensitivity of
the analytical device (0.1 ppmv), while high but not complete mineralization was achieved. We

assume that any by-product, if formed, was adsorbed on the reactor walls.

Conclusion

PVA/TiO, macroscopic fibers can be prepared through original integration between sol-gel
chemistry, extrusion process and salt-induced flocculation. Upon calcination at 450°C in air,
stable macroscopic fibers made of Anatase nanoparticles, are generated. Although fragile, these
mineral fibers can be manipulated and keep their structural integrity even after catalytic tests
under gas flow. The thermal treatment allows for creating some mesoporosity by burning the

original PVA matrix and residual surfactants molecules trapped in the TiO; structure, but XPS
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experiments reveal that there are still salt and carbon residues present after calcination both on
the TiO, fiber surface and in a sub-surface level, down to 40 nm. Photocatalytic efficiency was
demonstrated at the gas-solid interface with lower degradation rate, but a higher mineralization
percentage that the commercial Quartzel® fibers thanks to their optimized structure. It was
obvious that the overall size of our materials cannot allow them to compete -at this stage- with
optimized commercial catalysts. This study allowed us anyway to understand the influence of
structural factors on taylor-made materials (fiber shape and surface roughness), which will be
used in the future to optimize their photocatalytic efficiency. Unfortunately, we could not
conclude clearly on the influence of the nanoparticles shape on the photocatalytic performances,
and it would be interesting to test them again when the fiber generation process will be fully
controlled. Nevertheless, according to these results, particles synthesized with Tergitol NP-10
seem to give slightly higher result than the ones synthesized with TTAB. In our future work, this
surfactant will be then used for TiO, syntheses. Also, we have identified two main penalties that
need to be considered for optimizing the as-synthesized fiber photocatalytic properties. First, it
will be important to minimize the amount of carbon and salt content while maintaining the
Anatase phase during the thermal treatment. The second main issue is to optimize the light access
into the fiber core by reducing the fibers diameter. Even though these materials exhibit a high
surface area (up to 700 m>.g™), the light access is limited by natural screening. Finally, as we
demonstrate that surface roughness has an impact on the acetone degradation, increasing this

surface roughness could help in increasing the photocatalytic performances of the fibers.
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Annex

Annex 3.1: characterization techniques and protocols

L. X-ray diffractometry

The crystalline structure of the powder obtained was analyzed with a thermally-assisted X-
ray diffraction (XRD). The equipment used is a PANalytical X’pert MDP diffractometer with a
Bragg—Brentano 0-0 geometry diffractometer, equipped with a back graphite monochromator
and an Anton Paar HTK16 chamber (Cu-Ka X-ray, A = 1.54 A, 40 kV working voltage, 50 mA

working intensity).
II. Scanning electron microscopy

Scanning Electron Microscopy (SEM) observations were performed on a 6700F JEOL
apparatus which is a high resolution model equipped with a cold cathode field emission gun.

Working voltage was set up at 10 kV or 5 kV.
III.  Nitrogen adsorption/desorption method and roughness calculation

Specific surface areas and pore characteristics at the mesoscale were measured using
nitrogen adsorption method with a Micromeritics ASAP 2010. The samples were outgassed at
150°C under vacuum for 12 h before the measurement.

The surface roughness was evaluated from the determination of the Fractal surface
Dimension (Ds), which can be deduced from the nitrogen isotherm adsorption curves. Ds was
calculated according to the procedure described previously.”® The experimental adsorption
isotherm data are replotted according to:

log(0) = log(K) - v log(log[Py/P])

where v = 3- Ds, 0 is the relative adsorption calculated by normalizing the curve with the highest
adsorption value, K is a constant and Ds is the surface fractal dimension that we are looking for.
Ds is deduced from the slope of the line, and it must vary between 2 (flat surface) and 3.
Any value higher than 2 describes an increasing surface roughness. The adsorption range to be
used for this analysis has to be taken within the partial pressure range 0.05 < P/Py < 0.3 and

limited below the Kelvin condensation step that corresponds to the pore filling.*’
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IV.  Diffuse reflectance UV-vis (DRUYV)

The diffuse reflectance UV-vis spectra (DRUV) were measured in steps of 1 nm with a
Perkin-Elmer 860 Spectrophotometer equipped with a 15 cm diameter-integrating sphere bearing
the holder in the bottom horizontal position. The instrument was calibrated with a certified
Spectralon white standard (Labsphere, North Sutton, USA). Light absorption in porous media
was modeled with only two parameters according to the Kubelka—Munk: an absorption

coefficient, k, and an isotropic scattering coefficient, s (which both have units of cm™').>*
V. Photocatalytic experiment protocol and modelisation

The gas circuit consisted of a thermo-regulated pyrex reservoir tank 2 (17 L) connected to a
Kel-F circulating pump 3, the flow-rate of which may be controlled by a flow-meter 4. In order to
limit gas heating, thermo-regulated columns 6 and 7 were inserted at the pump outlet and inlet.
The reservoir tank was equipped with a manometer and a temperature/hygrometry probe in order
to record the circulating gas temperature and relative humidity all along the experiment.
Thermoregulation of the whole device was made through the water-bath 5. The gas was
automatically and periodically sampled through a 10 L.min" pump to a Varian 3800 GC
equipped with a FID detector (for Volatile Organic Compound (VOC) monitoring) and a
methanizer for CO, detection. A cylindrical photoreactor 1 was used in the experiment and. was
composed of a thermoregulated pyrex column where a pyrex canister (inner diameter 10 mm)
containing the photocatalytic fibers was slipped. Four fluorescent tubes (Philips TLD8W) with
emission maximum at 366 nm were set upon the photoreactor 1.

For all the experiments, the same procedure was followed: once the reactor containing the
photocatalytic media was settled in the device, synthetic air was introduced and the relative
humidity was adjusted to 15 % by injecting the required amount of water through a septum on
top of the tank. The flow-rate of the circulation pump was 3.3 L. min™', corresponding to a 0.7 m.
s velocity of the gas on the photocatalytic media for reactors 1. The temperature of the
circulating gas was 22 + 2 °C. The photocatalytic media were first irradiated for 20 hours without
acetone under these conditions in order to activate them and determine the possible evolution of
adsorbed VOCs or CO;. No peak appeared on the chromatograph during this step, but slow CO,

increase was noticed due to the leaks in the device and possibly to the photocatalytic degradation
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of residual organic materials contained within the fiber. The lamps were then switched off. Then
45 ppmv (2uL) of acetone was injected in the tank through the septum.

The acetone adsorption step on the media was followed by GC. When the gaseous acetone
concentration was stable, the lamps were switched on (time 0). Acetone and CO, concentration

was monitored every 7 min by automatic sampling on the GC-FID-methanizer.

Modelisation

The device tightness was determined by introducing acetone and monitoring its
concentration in the dark for 20 hours. During the photocatalytic experiments, the linear decrease
in the dark (no more than 20 %) was taken into account, and its contribution was further
subtracted. For the determination of the mineralization yields (evolution of CO,), the linear
increase from 30 ppmv to 170 ppmv over 20 hours in the dark (leaks) was deduced from the CO,
evolution during the photocatalytic experiment. The acetone and CO, leaks are fitted by linear
curves, their slopes being referred in the following as k; and k, respectively.

In order to calculate the % of acetone degradation, we considered that the reference value of
acetone, [Acetone].r, was equal to the initial concentration of acetone minus the leaks intrinsic to
the system.

[Acetone],ef = [Acetone]i—g — k; X t

In consequence, the acetone degradation percentage can be expressed as:

% Degradation = (1 — —acetonel

[Acetone]

For the calculation of the mineralization rate, the same adjustments were made. We then
considered that the acetone concentration which was degraded by the photocatalysis experiment
corresponded to:

[Acetone]gegraded = [Acetone].er — [Acetone];

In the CO, case, we defined that the CO, concentration generated by the mineralization of the

acetone itself was equal to:

[Coz]produced = [CO,]; - ([Coz]t=0 + k; Xt)

Finally, we obtained that the mineralization rate was given by the equation:

[COZ]produced
3 x[Acetone]gegraded

% Mineralization =
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In the previous chapter, we demonstrated how it is possible to generate titanium dioxide/
polyvinyl alcohol (TiO,/PVA) macroscopic fibers through extrusion. These fibers were made of
isotropic or anisotropic TiO; nanoparticles. It was demonstrated that after calcination, these TiO,
fibers present interesting photocatalytic properties, with the surface roughness being a key
parameter for the acetone degradation. However, due to their large diameter (around 400pm),
their acetone degradation rate per gram of media could not be compared with the commercial
product (Quartzel PCO fibers) as light cannot penetrate deep in the fibers structure. In the
literature, the catalytic behavior of vanadium oxide fibers has been improved by the insertion of
latex particles allowing the formation of macropores after the calcination step.' In consequence,
two possible routes leading to the improvement of the fibers photocatalytic performances were
explored: the reduction of the fibers diameter, and the increase of their roughness
(macroporosity).

In the first part of this chapter, a new type of fiber is investigated, which was generated by
using a syringe with a smaller diameter (600um instead of Imm). Latex particles were inserted
into the TiO,/PVA solution with the aim of adding another type of macroporosity inside the final
fiber structure in order to increase the surface roughness. The influence of the latex particles sizes
and concentrations is also illustrated for this process.

In the literature, PVA fibers and carbon nanotubes/PVA fibers have been generated by a
continuous spinning process using a static coagulation bath.”” However, adapting this process to
composite fibers made of isotropic particles presents a real challenge as the particles here act as
defect in the fibers instead of acting as a mechanical adjuvant. Therefore, in a second part, we
present the adaptation of this spinning process to our fibers, which allows for the generation of
several hundred meter long fibers. Here, the continuous spinning process uses a spinneret with a

diameter about 300um (smaller than before) and a static coagulation bath.
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I. Enhancement of the fibers photocatalytic properties: triggered topology
and smaller fibers diameter

I.1. Studied system and experimental protocol
[.1.1. Particles syntheses

Monodisperse Polystyrene (PS) dispersions were prepared by emulsion polymerization
according to the process described by Zhang ef al.* Latex particles presenting diameters of 130
nm and 260 nm were synthesized for this study.

The TiO, nanoparticles were synthesized according to the process described in our previous
work.” Typically, 5 mL of an HCI solution was first added to a 50 mL nonylphenol-EO
nonionic surfactant (Tergitol NP-10) 15wt% solution. The pH of the solution was then increased
up to 1.8 by addition of an ammonia solution. Titanium isopropoxide was then slowly added
under stirring (6.4mL), and the solution was left at room temperature. A slurry-like white
precipitate was formed after several hours, which was recovered after full evaporation. The
resulting powder was washed several times with deionized water until no foaming resulting from

the remaining surfactant was observed.
[.1.2. TiO,/PVA/Latex fibers co-extrusion process

First, aqueous suspensions of TiO, nanoparticles were prepared from the dry extracts in
order to obtain 4 wt% TiO, in the final solution. Solid PVA was then added into this solution
under stirring at 90°C in a proportion of 0.12 g of PVA per mL of solution. This solution was
kept under stirring for 1 hour until the PVA was fully dissolved and then cooled down at 60°C.
When the solution reached 60°C, the latex particles were incorporated in the solution maintained
under stirring. In order to ensure the homogeneity of the solution, the solution was then cooled
down at room temperature and agitated with a vortex mixer. The fibers were then generated by
needle injection (spinneret diameter of 600 um) of these PVA/Ti10,/latex sols into a rotating bath
(25 rpm) containing a saturated salt solution of Na,SO4 at 45°C. The extrusion speed was set at
40 mL.h", and the flux was maintained tangential to the rotation axis of the beaker. Upon the
completion of the extrusion process, the TiO,/PVA/latex fibers were meticulously taken out of
the beaker by hand and allowed to dry in air. Finally, the fibers were washed once in water to

remove the excess of salt.
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[.1.3. TiO; fibers sintering and labels

The as-synthesized fibers were then sintered at 450°C for 6 hours in order to remove the
organic part while promoting crystallization. Overall, seven different inorganic fibers were
prepared and labeled hereafter X-Y-TiO, where X denotes the diameter of the latex
nanoparticles, and Y the latex particles weight percentage in the sol. Thereby, we report in the
following the comparison among several fibers, named as: TiO,, 130-10-TiO,, 130-30-TiO,, 130-
60-TiO,, 260-10-Ti0O,, 260-30-TiO,, and 260-60-TiO,. The results were compared to our first
results, where the fibers where extruded through a bigger needle (1mm diameter) without latex in
the starting solution. More specifically, it was compared to the 4-TERG-TiO, fibers, which will

be referenced in this chapter as “TiO, ref”.’
1.2. Characterization of the fibers structure
[.2.1. Structural analyses

The TiO,/PVA/latex sols can be extruded as composite PVA/TiO,/latex macroscopic fibers
(Figure 1). As for the fibers synthesized in the previous chapter, the absence of coagulation
allowed us to directly mix TiO, particles with latex particles and PVA through homogeneous
dispersion. Here, both the PVA and the latex particles are used as porogen agents. Once these
hybrid fibers had been synthesized we applied thermal treatment to promote TiO, nanoparticles

crystallization and sinter the materials while calcinating the organic counterpart.

IO

17 18 19 20/

Figure 1. Pictures of TiO; fibers generation through extrusion process (a) extrusion process (b)
view of a knotted fiber to highlight its mechanical resistance.

We recorded the X-rays diffraction (XRD) patterns (experimental protocol in Annex.3.1.I) in
order to see if the introduction of latex particles could disturb the formation of the crystalline
phase of TiO, (Figure 2). The XRD patterns were similar for all types of fibers. The fibers are

mainly composed of Anatase phase with a trace of Brookite, together with sharp peaks being
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related to Na,SO4. As a result, it appears that the presence of latex particles during the calcination
step does not have any influence on the final crystalline structures of the fibers, for any size and

concentration.

|

ARRAALS
%T 1

30 35 40 45 50

20 (degree)
Figure 2. X-rays diffraction patterns of the fibers after calcination (a) TiO,, (b) 130-10-TiO,, (c)
130-30-TiOy, (d) 130-60-TiOo, (e) 260-10-TiO, (f) 260-30-TiO,, (g) 260-60-TiO,, and (h) of the
salt used for the coagulation of the PVA (Na,SO,). A: Anatase, B: Brookite.
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1.2.2.  Fibers topology

The topology is defined as the texture of the fiber surface at high length scale (several
hundred of nanometers). SEM analyses (protocol in Annex 3.1.II) allowed vizualizing the
distribution of particles and macropores after this thermal treatment (Figure 3). We observe
clearly that the introduction of latex particles within the fibers helps nanostructuring them as the
surface of the 130-60-TiO, (Figure 3.d.) fiber presents macroporosity which is not observed for
the TiO, fiber (Figure 3.b.). Moreover, the diameter of the fibers varies from the simple to
double. Indeed, when the amount of organic mold increases the final fiber diameters decrease

drastically, with values ranging from 100 to 200 um (Figure 3).

1 um

Figure 3. SEM pictures of a TiO; fiber (a) and (b), and of a 130-60-Ti0O, fiber (c) and (d).
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1.2.3.

Fibers porosity and roughness

The porosity was studied by nitrogen physisorption measurements (experimental protocol in

Annex.3.1.1II) on calcined fibers (Figure 4).
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Figure 4. Nitrogen physi-sorption experiments. ® Adsorption curves, @desorption curves. (a)
TiO,, (b) 130-10-TiO,, (c) 130-30-TiO,, (d) 130-60-TiO,, (e) 260-10-TiO,, (f) 260-30-TiO,, (g)
260-60-TiO,, and (h) TiO, ref fibers which is the fiber of reference from previous work.’
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All the materials exhibit a rather straight adsorption curve, which can be described as a type
IV isotherm, with a pore size distribution within the mesoporous range. The hysteresis observed
is larger for the new synthesized fibers compared to the reference fibers (Chap.3),” indicating
some rather opened bottle-neck porous structure, which can be related to the templated imprints
of the latex particles within the fibers. The steep adsorption at P/Py < 0.05 reveals also some
microporosity. The pore-size distribution, calculated with the Barret-Joyner—Halenda (BJH)
equation from the desorption curves, indicates that the pore sizes are between 5 and 10 nm rather

than 6 nm and 15 nm for the reference (Figure 5).°
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Figure 5. Pore sizes distribution of (a) TiO,, (b) 130-10-TiO,, (¢) 130-30-TiO,, (d) 130-60-TiO,,
(e) 260-10-TiOy, (f) 260-30-TiO;, (g) 260-60-TiO,, and (h) TiO; ref fibers.
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The specific surface areas of the TiO; fibers are displayed in Table 1. All surface areas were
in agreement with a pronounced mesoporosity. However, as for the pores size, the specific areas
of the new fibers decreases compared to the reference fibers from 700 m2.g™” to about 95 m*.g™.
Decreasing the diameter of the fibers from 450pum (Chap.3)’ to 150um for the new fiber batches
(containing latex or not) address thus a strong impact over the specific surface area. This
phenomenon can be explained by an exalted sintering process due to a smaller temperature
gradient within the fibers bearing the smaller diameters. In parallel, we analyzed the surface
roughness of these materials, as this feature can be an important factor in photocatalysis for an
optimized interaction between the pollutants and the catalyst (figure in Annex 4.1).”

The material roughness is defined in the literature as the ratio of the external surface area
over the area of the geometrical envelope of the particles.® As the topology, it corresponds to the
texture of the material surface, but at a smaller length scale. It was evaluated from the
determination of the Fractal surface Dimension (Ds), which can be deduced from the nitrogen
isotherm adsorption curves (calculation detailed in Annex.3.1.1IT). The Ds values obtained for the
different sets of fibers are summarized in Table 1. For reminder, it must vary between 2 (flat
surface) and 3, any value higher than 2 describing an increasing in the surface roughness.” Ds
was about 2.5 for the new fibers (with or without latex templates) which is significantly higher
than the fibers of the previous study (Ds=2.3)." Although the new fibers present a similar
roughness value (around 2.5), the topology of the fibers templated by latex particles is different
from the TiO; fibers one (Figure 3), which is expected to affect their photocatalytic behavior, as
the air convection flux is sensitive to the surface topology.

Table 1. Specific surface areas, total pore volume and surface roughness of the calcined TiO:
fibers obtained through nitrogen physisorption experiments. *TiO, ref, refers to the reference 5.

. BET surface BJH surface* Total Pore Volume Ds
Bl m”.g" m”.g" mL.g" (surface roughness)
TiO, 91 110 0.16 2.54
130-10-TiO, 92 110 0.13 2.53
130-30-TiO, 92 110 0.14 2.55
130-60-TiO, 88 107 0.14 2.5
260-10-TiO, 89 106 0.14 2.54
260-30-TiO, 96 116 0.15 2.52
260-60-TiO, 95 112 0.15 2.5
TiO, ref 700 652 0.82 2.31
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The optical properties (band-gap) of the fibers were also investigated and the results were

similar for all the types of the fibers (see Annex 4.2).
1.3. Photocatalytic properties
[.3.1. Experimental set up and models

Photocatalytic mineralization of gaseous acetone was carried out in a specially designed
batch reactor described in Chap.3 (part II1.3.1, Scheme 1). In a first step, the photocatalytic
device and the reaction conditions were settled with commercial TiO, fibers (Quartzel PCO,
Saint-Gobain Quartz) in the same configuration (canister and reactor). These commercial
photocatalytic media is made of quartz fibers coated with TiO, (exact composition unknown,
fibers diameter 9um, specific surface 120 m”.g™"). The performances of our TiO, fibers were
compared to those of this commercial material under identical conditions (flow rate, RH and
temperature). A first test carried out in the dark allowed us to determine that over this time, the
leaks can be modeled by a linear curve. The slopes of the acetone and CO, leaks being evaluated
at -0.024 ppmV.min"' and 0.115 ppmV.min"', respectively. As in Chap.3, the equations leading to
the calculation of the % of acetone degradation and the % of mineralization were modified in
order to take into account the leaks intrinsic to the system (Annex 3.1.V). According to these
results, the reactions kinetics (k) were investigated by plotting the curve corresponding to both an
order 0 and an order 1 reaction models. The calculations of the acetone degradation kinetics,
taking into account the leaks, are presented in Annex 4.3.

The photocatalytic behavior of the fibers was tested by introducing 24.8 mg of Quartzel®,
and 19.3 to 50.4 mg of laboratory-made fibers, in the canister reactor. The mass used for all types

of fibers is given in Table 2.

Table 2. Mass of calcined TiO, fibers inserted in the reactor for the photocatalytic experiments.

130-10- 130-30- 130-60- 260-10- 260-30- 260-60-

Fibers  TiO, TiO, TiO, TiO, TiO, TiO, TiO,

TiO; ref Quartzel

Mass (mg) 43.1 239 20.2 22.3 44.8 34.7 19.3 50.4 24.8
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1.3.2.  Fibers photocatalytic properties

We compared the curves plotted using the equations of order 0 and order 1 reactions for the
sample labeled “Ti0O,”, adjusted for taking into account the leaks of the apparatus (see equations
in Annex 4.3). These curves are displayed in Figure 6, and the linear shape of the curve in Figure

6.b. indicates clearly that the reaction follows an order 1 reaction kinetics.
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Figure 6. Comparison between the curves representing the TiO, fibers data plotted according to
the equation, of a) an order 0 reaction and b) an order 1 reaction.

The curves representing the order 1 model for all types of fibers are displayed in Annex 4.4
and the values are summed up in Figure 7.b. Typical curves of acetone concentration against time
are compared Figure 7.a. The first-order kinetic constants, k, calculated from the acetone
degradation rate per gram of media, are given Figure 7.b. (fitting of the curves in Annex 4.4). A
very positive result is the much higher efficiency of these new fibers relative to our previous
fibers (TiO, ref) bearing a lower roughness with a larger diameter.’

These results show that the specific surface area is not the crucial parameter under these
conditions as the reference fibers present a much higher specific surface area (T1Ozer, 700 m2_g'1)5
compared to that of the latex-based ones (88-95 m”g"). This results is consistent with our
previous work where we could observe that even though the specific surface area of the 4-TERG-
TiO, (700 m”.g") was much higher than the one of 4-TTAB-TiO, (430 m”.g"), the reaction
kinetics were similar (Chap.3).” This phenomenon is certainly due to the experimental conditions
as the photocatalytic tests are performed under uni-axial flux with a velocity of 0.7 m.s™' where,
in such hydrodynamic condition the internal mesoscopic voids are certainly not completely

involved in the photocatalysis reaction.
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Figure 7. Results for the photocatalytic properties of the fibers: a) % acetone degradation/g of
media against time; b) calculated first-order rate constants of acetone degradation; c) %
mineralization between 200-400 minutes d) comparison between acetone degradation kinetics
relative to % mineralization for the nine types of fibers under irradiation of gaseous acetone at
366 nm (RH 15 %, initial acetone concentration 50 ppmV, air flow rate 3.3 L.min™).

In the previous study we demonstrate that the roughness was a key parameter as we
observed that the higher the roughness, the higher the reaction kinetics.” If we just look at the
fibers which are not templated by the latex particles (TiO; ref and TiO, fibers), we can see that
the higher reaction kinetics of the new fibers compared to the previous one confirms the influence
of the roughness on the acetone degradation, since the roughness of the new fibers without latex
particles templates (Ds=2.5) is much higher than the previous one (Ds=2.3). Also we do not have
to forget that the UV penetration depth can be at maximum about few micrometers while the
fiber diameters are about several hundred micrometers, thus only a thin shell of the fiber is UV

activated. In consequence, the higher reaction kinetics of the new fibers, given per gram of

media, also results from the diminution of the fibers diameter. We can conclude that the overall
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increase of the reaction kinetics between TiO, ref (0.007 min".g™") and TiO, fibers (0.028 min
'.g'1) results from the combination of an increase of the surface roughness and a decrease of the
fibers diameter.

By comparing the TiO, fibers with and without latex prepared under these new conditions, it
may be concluded that latex beads, used as sacrificial templates, induced an improvement of the
efficiency for the fibers templated by 130 nm latex particles, but not for the one templated by 260
nm ones, except the 260-60-TiO, sample. Regarding the 260 nm latex-based TiO, fibers, we
observed that the increase in latex content increased the photocatalytic efficiency of the fibers
(Figure 7.b.). It also appeared that, for a given latex content, the fibers templated by 130 nm latex
particles performed better than the 260 nm fibers (except for the 130-60-TiO, sample). Generally,
this difference in reaction kinetics can be attributed to a difference in the fibers surface topology,
which leads to a better light penetration within the structure and to a turbulent-induced air flux
behavior at their surface, which favors acetone degradation reaction. This result is important as it
shows that the surface topology is also a parameter to take into account when it comes to
photocatalytic performances.

Taking into account the higher diameter of the TiOy¢ fibers (3 50nm),5 it was thus confirmed
that for the thickest fibers, light penetration was not optimized and that smaller diameter fibers
were more efficient. Moreover, the surface roughness is confirmed to influence the acetone
degradation reaction kinetics. Finally, the topology appears to be also an important parameter for
the optimization of the acetone degradation kinetics.

The mineralization percentage was calculated between 200-400 minutes of irradiation
(Figure 7.c.) and was found to be stable in this range taking into account CO,; leaks from outside
the reactor, which induces a consequent error on the calculated values. The mineralization
percentage varies from 46 (260-30-TiO;) to 91 % (130-60-Ti0,), but most of the fibers present a
similar mineralization percentage around 70%.

The 260-10-TiO, and 260-30-TiO, fibers present lower mineralization values than the
majority of the fibers, in agreement with the acetone degradation kinetics results. From this
result, we can deduce that insertion of voids created by large latex particles in small proportion
does not allow creating a surface topology (roughness) high enough for optimizing the
mineralization reaction (short residence time of acetone on the fibers surface). However, by

increasing their concentration (260-60-Ti0;) it is possible to optimize the surface roughness for a
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better residence time (more turbulent hydrodynamic flux character) and thus a better
mineralization rate.

The 130-60-TiO, fibers present a higher mineralization rate than the majority of the fibers.
From this result, we can conclude that the surface topology created by small latex particles at
high concentration (succession of small pores inside the structure) permit also increasing the time

of residence of the acetone onto the TiO; fibers surface and thereby mineralization process.
I.4. Intermediary conclusion

In this study we have employed the extrusion process to promote the morphosynthesis of
hybrid titania-based macroscopic fibers. Within the starting sols we have varied both the
diameters of the latex nanoparticles in use as well as their concentration. Upon a thermal
treatment in air we obtained the Anatase phase with residual Brookite, while the latex calcination
allowed promoting tunable voids. In comparison with previous published works,and in line with
our previous conclusions (Chap.3), we have demonstrated that the fibers roughness, diameter
size, and topology are indeed important parameters involved both in acetone degradation and
mineralization processes, for uni-axial air flux heterogeneous catalysis. The catalysts roughness
and topology are thus features that should be added into the list of the key parameters (particles
sizes, crystalline character, surface area) involved within the air-photocatalysis efficiency. The
increase of the fibers roughness along with the decrease of their diameter, allowed multiplying
the fibers efficiency toward acetone degradation by 4 compared to our previous results.’
Moreover, by changing the surface topology of the final fibers by the insertion of macroscopic
voids the acetone degradation kinetics was multiplied by 1.64, which represents a total
multiplication of the reaction kinetics by 6.5 compared to our previous study. Despite this
increase of efficiency the rough fibers generated in this study are still less active than the
commercial Quartzel Titania-based photocatalyst, being 3 times less efficient relative to acetone
degradation rate while offering the approximate same mineralization capabilities for the best
fibers. The first penalty of the fibers synthesized in this work is still their diameter, which does
not allow optimizing the quantity of matter in interaction with the UV light penetration depth, as
most of the fiber still remains inactive. As all the catalytic efficiencies toward both acetone
degradation and associated mineralization are normalized per gram of media, this issue is of
crucial importance. The second main issue is of technology, when regarding the extrusion process

in use. This configuration, well calibrated for lab experiments, does not allow for higher scale
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industrial production. Hence, our next goal was to cancel the two above mentioned penalties at
once by minimizing the fiber diameter as low as possible while offering a technological process

able to address high scale industrial production.

II. Towards a continuous spinning process

In our laboratory, a technological process offering a semi-industrial scalable production has
been developed for the spinning of carbon nanotubes (CNTs)/PV A macroscopic fibers. The fibers
obtained with this process had a diameter comprised between 15 and 60um depending on the
spinning conditions.” These diameters are much smaller than the ones obtained with the process
used in the previous study, which gave 150um diameter fibers (see part I). Due to their high
anisotropy and their mechanical strength, the CNTs within the CNTs/PVA fiber reinforce its
mechanical strength during the process which allows stretching the fiber during the process by a
factor 5.6. We report in the following how this process was adapted, for the first time, to the
spinning of PVA/TiO; fibers. It was primarily done by adjusting the solution formulation and the
experimental conditions. Unlike CNTs and V,0s ribbons, TiO; nanoparticles behave more as a
defect than a reinforcement of the fiber. Hence, the spinning conditions had to be adapted to
avoid the fiber breakage. Moreover, with the latex particles acting also as a defect, a further
adaptation was needed when inserting them in the starting solution. Finally, as the spinneret
diameter is about 300um with this process (twice lower than in part I), the rheology of the

solution was adapted to allow a continuous flow of the fiber while maintaining its cohesion.
IL.1. Studied system and experimental protocol
IL.1.1. Solution preparation

The adjustment of the solution formulation is crucial for the semi-industrial spinning
process. As the spinneret diameter was significantly lower than in part I (twice smaller), the
viscosity of the solution used previously, containing 10wt% PVA and 4wt% TiO,, was found to
be far too high to allow the continuous extrusion of a fiber with this process. Since the viscosity
of the solution is mainly due to the PVA, it was necessary to lower its concentration within the
starting solution. However, as the reticulated PVA chains ensure the fiber cohesion, and as the
Ti0O, particles act as a defect within the fiber, the PVA concentration as to be high enough to

avoid any breakage.
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To respect both criteria, we decided to use a starting solution composed of 4wt% TiO, and
6wt% of PVA. The previous study (see part I) showed that the fibers containing 260nm diameter
latex particles in the proportion of 60wt% compared to TiO, present the best photocatalytic
performances. As a result, we chose to investigate both the behavior of a starting solution without
any latex particles, and of a starting solution containing 260nm diameter latex particles in the
proportion of 60wt% compared to TiO,. In the following, these fibers will be referred to as TiO,-
indus and TiO,-latex-indus, respectively. The TiO, particles were synthesized according to the
procedure described in part I.1.1., and we used PVA with a high molecular weight to maximize
the mechanical strength of the fiber (Mw=195kg.mol™" hydrolyzed at 99%).

TiOs-indus starting solution. This solution was prepared by mixing 10g of an 8wt% TiO,
nanoparticles aqueous dispersion with 10g of a 12wt% PV A aqueous solution at a temperature of
80°C.

TiO,-latex-indus starting solution. First, 7.56g of a 10.6wt% TiO, nanoparticles aqueous
dispersion was heated up at 90°C, and 0.42g of solid PVA was added under stirring and let to
dissolve for one hour. Then, 6.5g of a 12wt% PV A aqueous solution was poured into the solution
along with 0.030g of distilled water. Once the solution became homogeneous, it was cooled
down at 50°C where 5.22g of a 9.2wt% latex aqueous dispersion (260nm diameter) was added.

The homogeneity of the final solution was obtained through agitation using a vortex mixer.
I.1.2. Experimental set up

The fibers spinning was performed using the apparatus describe in Figure 8. It is composed
of a syringe pump, a coagulation bath, a washing bath, a drying part, and a rotating winder. The

role of each element is developed in the paragraphs below.

Infrared
I___,
Needle lamps ~——"
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sy |
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W
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Figure 8. Schematic representation of the spinning process.
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11.1.2.1. The syringe pump

The syringe pump (Figure 9) was used to inject the solution in the coagulation bath at a
constant rate set at 6mL/h. As the spinneret diameter was about 300um, the calculated linear

injection speed was about 1.4m/min.

Figure 9. Picture of the syringe pump used for the injection of the starting solution in the
coagulation bath.

11.1.2.2. Coagulation bath

The coagulation bath (Figure 10) was a saturated solution in sodium sulfate (Na,SO, at
320g.L™") maintained at 40°C, which is the temperature where Na,SO4 reaches its maximum of
solubility in water. When the solution was extruded from the syringe needle, it coagulated
instantly to form a solid filament. The minimum residence time of the fibers within the
coagulation bath was fixed at 30 seconds (s) to reinforce the mechanical stability before

extraction.

Figure 10. Pictures of the coagulation bath (saturated salt solution of Na,SO, at 320g.L™), (left)
the injection of the solution into the bath, (right) the exit of the solid fiber out of the bath.
11.1.2.3. Washing bath

The washing bath aimed at removing all the salt residues present in the fibers after the
coagulation process (Figure 11). As the PVA is soluble in water, the washing bath could not be

composed only by water, otherwise, the humid fiber would stretch too much and end up by
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breaking. Empirically, it was demonstrated that the addition of sodium tetraborate inside the
washing bath allows overcoming this problem as it allows the reticulation of the PVA chains (see
Chap.1).* In our study, the concentration in sodium tetraborate was set at 0.1 mol.L™ and the

minimum residence time was 1 minute.

Figure 11. Picture of the fiber passing through the washing bath (aqueous solution containing
sodium tetraborate at 0.1 mol.L™.

11.1.2.4. Fibers drying

The fiber was dried with the helps of two infrared lamps, at a temperature set at 75°C. The
fiber was first carried under these lamps with a roller conveyor belt coated with Teflon (Figure
12). Once the fiber reached the end of the drying stage, it was tensed and suspended above the

conveyor belt in order to avoid a flattening of the fiber at its exit from the washing bath.

Figure 12. Picture of the fiber entering in the drying apparatus.
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11.1.2.5. Fibers winding

The fiber obtained was collected on a winder rotating at a minimum speed of 3.2m.min™"

(Figure 13). As the injection speed is about 1.4m.min"', the minimal stretching factor of the fiber
during the all process is 2.3. With this process, it was possible to collect several hundred meter
TiO, fibers continuously. As demonstrated with the CNTs/PVA fibers, the fibers still contain salt
at the end of this process and a second washing of these fibers was necessary to totally remove

it.%

loem

Figure 13. Picture of the fiber winding

11.1.2.6. The second washing bath

The second washing step proceeded through an unwinding of the fiber, passing through a
water bath, followed by a second drying step and a new winding. It has been demonstrated for the
CNTs/PVA fibers that this second washing steps allowed to remove all the salt contained in the
fiber.® During this step, the TiO,/PVA fiber was not stretched because it was too fragile and it

would have broken.

11.1.2.7. Sintering process

Finally, the as-synthesized fibers were sintered at 450°C for 6 hours in order to remove the
organic part while promoting crystallization. Overall, two different types of inorganic fibers were
prepared by this process: TiO,-indus fibers generated from a solution without latex particles, and
Ti0O,-latex-indus fibers, generated from a solution containing 260nm diameter latex particles
(60wt% relative to TiO,). At the end of the process, the fibers diameter was ranging between 40
and 47um, which is about 3 times smaller than the fibers presented in part I (Figure 3).The results
were compared to our first results, especially to the 4-TERG-TiO, fibers referenced in this part as

“Ti0, ref”, and to the TiO, fibers and 260-60-TiO, fibers presented in part 1.
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11.2. Characterization of the fibers structure
II.2.1. Structural analyses

We studied X-rays patterns (experimental protocol in Annex 3.1.I) in order to see if the new
fibers processing and the additional decrease of the fibers diameters influenced the crystalline
phase of TiO, (Figure 14). The X-rays patterns of the fibers generating with the semi-industrial
process, templated or not by latex particles, are similar. The new fibers are mainly composed of
Anatase phase (85-90%), with some Brookite (10-15%). The amount of Brookite is significantly
higher than the fibers studied in part I, which all presented the same X-rays pattern (Figure 14.c.).
Besides, XRD patterns confirm that all the salt has been removed from the fibers after the two
washing steps. From these results, we conclude that both the fiber diameter and the presence of
salt residues inside the fibers could have an influence on the crystalline phase obtained after
calcination. As our goal is to obtain the pure Anatase phase alone, further studies should explore
how changes in the sintering parameters (temperature and time) could help to reduce the amount

of Brookite.

Intensity(arbitrary units)

20 25 30 35 40 45 50
20 (degree)
Figure 14. X-rays diffraction patterns of the fibers after calcination at 450°C for 6h (a) TiO,-

indus, (b) TiO;-latex-indus, (c¢) TiO,, and (d) of the salt used for the coagulation of the PVA
(NaySOy). A: Anatase, B: Brookite.
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I1.2.2. Fibers topology

SEM analyses (experimental protocol in Annex 3.1.II) allowed us visualizing the fibers
topology resulting from this new process (Figure 15). Overall the fibers present a flattened shape
with a width ranging from 40 to 47 pm and a thickness ranging from 10 to 17um. Their topology
is clearly different from those observed so far (Chap.3 and Chap 4, part I). Indeed, for both types
of fibers, the topology looks like a “tree trunk™ at the macroscopic scale meaning that the fibers
present large and deep striation at the surface oriented along the fibers main axis. As the fiber is
stretched and the PVA chains are aligned during the process, we assumed that these ridges result
from the alignment PV A chains before calcination. An analysis of the fibers cross section (Figure
15.c. and e.), reveals that the TiO,-latex-indus fibers present enhanced bulk porosity compared to
Ti0,-indus fibers, which results in an increase of their width and thickness. As the photocatalysis
reaction takes place in priority at the surface, this should not impact the photocatalytic

performances.

Figure 15. SEM images of (a-c) a TiO,-latex-indus fiber, and (d-f) a TiO,-indus fiber.

We observed that the surface topology is almost not affected by the insertion of latex
particles in the starting solution (voids template), as the overall topology of the TiO,-latex-indus
fibers is similar to the one of TiO,-indus fibers. Indeed, the presence of small latex particles
before calcination only results in the creation of small imprints inside the macroscopic striation

(Figure 15.b.), and not in the creation of new macroscopic voids as it was the case for the fibers
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studied in part I. From this result, we deduce that the surface macroporosity created by the PVA
chains overcome the one created by the latex particles. Moreover, we observe that the striation at
the Ti0,-latex-indus fibers surface is more distorted than the TiO,-indus fibers one, which means
that the latex particles act as a defect and prevent a perfect alignment of the PVA chains. As we
performed photocatalytic tests using an uni-axial air flux along the fibers main axis, this could

have an impact on their photocatalytic performances.
I1.2.3. Fibers porosity and roughness

Specific surface areas and pore characteristics at the mesoscale were measured using
nitrogen adsorption method (Figure 16, experimental protocol in Annex 3.1.1II). All the materials
exhibit an adsorption curve representative of a type IV isotherm, and a pore size distribution
within the mesoporous range. The hysteresis observed is significant for the new synthesized
fibers as it was for the fibers in part I. The presence of steep adsorption at P/Py < 0.05 showed

that the fibers were also microporous.
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Figure 16. Nitrogen physi-sorption experiments. B Adsorption curves, @desorption curves. (a)
Ti0,-indus, (b) TiO;-latex-indus, (¢) TiO,, and (d) 260-60- TiO, fibers.
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The BET specific surface areas of the TiO, fibers are displayed in Table 3. All surface areas
were in agreement with a pronounced mesoporosity. The specific areas of the new fibers
increases compared to the fibers presented in part.I from about 95 m”.g” to about 120 m2.g™. This
phenomenon is explained by the absence of salt within the fiber. Indeed, for a given porous
structure, as salt crystals are not porous, their presence at the surface artificially decreases the
value of the BET specific surface area calculated per gram of media. Moreover, the new
macroporosity induced by the PVA chains can also be responsible of a higher specific surface

area as it opens some internal porosity that allows the nitrogen to penetrate deeper in the bulk.

Table 3. Specific surface areas, total pore volume and surface roughness of the as-synthesized
TiO: fibers obtained through nitrogen physisorption experiments.

. BET surface  BJH surface* Uiniell Fars Ds

Tl m’.g! m’.g’ VB (surface roughness)

g g mL.g‘l u ug

TiO,-indus 136 166 0.31 2.56
TiO,-latex-indus 110 132 0.22 2.55
TiO, fibers 91 110 0.16 2.54
260-60-TiO, fibers 95 112 0.15 2.5
TiO, ref 700 652 0.82 2.31

The pore-size distribution, calculated with the Barret-Joyner—Halenda (BJH) equation from
the desorption curves, indicates that the pore size distribution is ranging between 6 and18 nm
rather than 5 and 10 nm for the fibers presented in part.I (Figure 17).° The new process leads to
an increase in pore size along with an increase of the total pore volume.

In parallel, we analyzed the surface roughness of these materials, as this feature can be an
important factor in photocatalysis for an optimized interaction between the pollutants and the
catalyst (figure in Annex 4.5). Material roughness was evaluated from the determination of the
Fractal surface Dimension (Ds), which can be deduced from the nitrogen isotherm adsorption
curves (experimental protocol in Annex 3.1.IIT). The values obtained for the different sets of
fibers are summarized in Table 3. Ds is about 2.55 for the new latex fibers which is within the
same range than the fibers studied in part.I (Ds=2.5). This result shows that the new process
allows generating fibers with a high surface roughness. Although the surface fractal dimensions
are similar, as for the fibers studied in part.I, the difference of topology of these fibers can cause a

difference in their photocatalytic performances.
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The optical properties (band-gap) of the fibers were also investigated and, as in part 1.3., the

results were similar for all the types of the fibers and will not be developed here. The results can

be found in Annex 4.6.

I1.2.4. Photocatalytic properties

Typical curves of acetone concentration against time are compared Figure 18.a. The first-
order kinetic constants normalized by the fibers mass, k, are given Figure 18.b. (fitting of the
curves in Annex 4.7). A very positive result is that the efficiency of these new fibers was
multiplied in average by a factor 3 relative to the fibers synthesized in part.I. More importantly,
the fibers generated present reaction kinetic values that are in the same order of magnitude than
the Quartzel PCO from the company Saint-Gobain (commercial product), which makes them
competitive in a commercial point of view.

As demonstrated in part.I, the specific surface area of the fibers does not influence their
photocatalytic performances under the experimental conditions applied in our study. In
consequence, the higher efficiency cannot be attributed to the higher specific surface area of the

new fibers (about 120 m”g™") compared to the fibers presented in part.I (88-95 m*g™).
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Also, both previous studies (Chap.3 and part.]) underlined that the parameters that influence
the fibers photocatalytic properties are their roughness, their diameter size, and their surface
topology. However, in this study, the roughness of the two types of new fibers is similar
(Ds=2.55), and close to those of the fibers presented in part I (Ds=2.5-2.55). In consequence, this
parameter is not responsible for the increase in the fibers photocatalytic performance when using

this new continuous spinning process.

~707a) 0167,
&9 60- = TiO,latex-indus «4:#‘1,’»‘ 0.14-
20 « TiO, fibers A - )
S 50+ 260-60-TiO, fibers o :::::,.“ B ‘T:n 0.12 -
= v TiO, ref A R —~* 0.10-
=S 40+ Tio indus Qﬂ“,.v" e =
S . . " = U3
,Sb 30. Quartzel ;’;‘.?.. —..--___ é 0.08
53 Lt e 0.06 -
=] DR “"‘.—" =4
g 201 0.033:-?:".. M 0.04'
E 10- * @:"M 0.02'
(%] ﬂ"gw_'_‘;#“ vevverevy Aassiannd
05100 200 300 400 500 600 700 000 O & ° >
X : & &9'\' N3 \“&&’% o oF
Time (min) .On § ovs ¥ 0@.‘
N S & T80 O
) &
. 100
1007 ) = 749
° 2
= 80 < 80
] <o *
) N n
.g T; 60 =
N 60 = o ®
S =
Ea 40_ © 40'
E =
o ) B TiO, ref O TiO,-indus-latex
E 20 NS 20 ® TiO, ® TiO,-indus
o © 26060TIO, % Quartzs
0_ T T T T T
o O O~ 2 > > 0.00 0.03 0.06 0.09 012 0.15
& &\0 &No o & . ‘@? ‘\‘"@ e 1 -l
&.Qw & ovS N @ k (min".g")
’»@' &\ &9'\& Q

Figure 18. Results for the photocatalytic properties of the fibers: a) % acetone degradation/g of
media against time; b) pseudo-first-order rate constants of acetone degradation calculated from
the degradation rate by gram of media; c) % mineralization between 200-400 minutes d)
comparison between acetone degradation %/g media relative to % mineralization for the four
types of fibers, the reference fibers, and Quartzel® fibers under irradiation of gaseous acetone at
366 nm (RH 15 %, temperature 22 + 2 °C, initial acetone concentration 50 ppmV, air flow rate
3.3 L minute™).

As the diameter of the new fibers has been divided by at least three compared to the fibers

studied in part I, we can assign the dramatic increase in the photocatalytic performance to this
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parameter. Moreover, as described in part I1.2.1, the topology of the new fibers (“tree trunk™) is
drastically different from the ones observed so far. We can then conclude that the overall increase
in the reaction kinetics between the fibers presented in part I. (0.037 min".g" in average) and the
fibers produced by this new semi-industrial continuous process (0.1 min™.g’1 in average) results
from the combination of a decrease of the fibers diameter and a modification of their surface
topology.

By comparing the TiO;-indus fibers with the TiO,-latex-indus fibers, it is concluded that
latex beads, used as sacrificial templates, do not provide any improvement of the photocatalytic
performances (Figure 18.b). On the contrary, TiO;-latex-indus fibers seem to be slightly less
efficient than TiO,-indus ones. As their diameter sizes are in the same order of magnitude, this
difference in reaction kinetics can be attributed to a difference in the fibers surface topology.
Indeed, as described in part II, latex particles prevent PVA chains alignment, which caused the
distortion of the fiber striation. In this case, we think that the air-flux is disturbed and does not
penetrate as efficiently in the fiber as in the case of the TiO,-indus fibers, that presents a well-
aligned striation along the fiber main axis (Figure 15.).

The insertion of latex particles in the starting solution as voids template is then useless for
the fibers generated with this semi-industrial process. Improvement of the photocatalytic
efficiency of fibers generated with this semi-industrial process is then the result of two key
parameters: fibers diameter and surface topology.

As in part I, the mineralization percentage was calculated between 200-400 minutes of
irradiation (Figure 18.c.) and was found to be stable in this range taking into account a significant
error on the calculated values due to CO, leaks from outside the reactor. The mineralization
percentage is varying from 51 (TiO;-latex-indus) to 80 % (260-60-T10;), where two groups can
be identified.

The group presenting the lowest mineralization rate is composed of the TiO, ref fibers, and
the fibers generated by the semi industrial process with a mineralization rate around 55%. The
group presenting the higher mineralization rate, around 72%, is composed of the fibers generated
through the process presented in part I and of the Quartzel PCO fibers. From this result, we can
deduce that despite the high acetone degradation rate, the topology of the new fibers is not fully
yet optimized for acetone mineralization. The residence time (linked to the mineralization rate) is

then lower for the fiber topology with striation than for the fiber topology without striation, the
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residence time being even higher when the surface is cluttered of a succession of pores. We
hypothesized that the turbulent hydrodynamic flux character created by the pores was responsible

for the increase of the residence time.

I1.3. Intermediary conclusion

In this study we used a new semi industrial spinning process for the generation of
macroscopic TiO; fibers. Upon a thermal treatment in air we obtained the Anatase phase of TiO,
(85-90%) with some Brookite (10-15%). This new process allowed us to significantly decrease
the fibers diameter, and to modify drastically their topology, which are both important parameters
involved both toward acetone degradation and mineralization processes, for uni-axial air flux
heterogeneous catalysis. We demonstrated that the diminution of the fiber diameter combined
with this new topology made of striation, rather than a succession of pores, present enhanced
properties for the acetone degradation but are not optimized for the mineralization rate. Indeed,
we assumed that the striation allows a better penetration of the air flux within the fibers but that
the residence time is lowered due to a diminution of the turbulent hydrodynamic flux character.
Here, the insertion of latex particles as template in the starting solution is useless as they do not
create supplementary macroscopic voids within the structure (the striation induced already a
macroscopic porosity about several hundred of nanometers). Moreover, it seems even to be a
penalty as it prevents the correct alignment of the PVA chains during the spinning process, which
causes a distortion of the striation, resulting in a lower air flux penetration within the fiber
structure. Overall, the new fibers are in average 3 times more efficient than the fibers presented in
part.I, but present a smaller mineralization rate (15% lower than the fibers in part L.).

Thanks to this increase in efficiency, the fibers generated via this semi industrial process
present acetone degradation kinetics which are in the same order of magnitude than the one of the
commercial Quartzel Titania-based photocatalyst, with a mineralization rate is about 10-15%
lower. These fibers are a good Proof of Concept to demonstrate further their competitiveness
from a commercial point of view. However, some improvements need to be achieved. Among
them, the mineralization rate and the mechanical strength after calcination remain strong
penalties for their use for commercial application. One pathway to solve both penalties at once
would be to weave the fibers as a piece of textile. Indeed, it would enhance the mechanical
properties, and the fibers perpendicular to the air flux will enhance the turbulent hydrodynamic

flux character leading to an increase of the mineralization rate.
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Conclusion

In this chapter, we demonstrated that the fiber diameter is a crucial parameter for the
improvement of photocatalytic efficiency, as it governs the gas over solid surface interaction.
Also, besides the particles size, crystalline character, and specific surface area, the catalysts
roughness and topology are features of importance for the air-photocatalysis efficiency. More
specifically, topologies conferring a high penetration of the air flux within the fibers structure,
like striation, are optimized for the acetone degradation but not necessarily for its mineralization
rate. Optimizing the fibers diameter along with their topology using a semi-industrial process, it
has been possible to multiply the acetone degradation kinetics by 3 compared to the fibers
presented in part I, which constitute overall a multiplication by a factor 17 compared to our first
study (Chap.3).5 This dramatic improvement makes these fibers at the edge of being competitive
with the commercial product (Quartzel). However, the mineralization rate has to be optimized,
which can be achieved by inducing a turbulent hydrodynamic flux character within the catalyst
structure. This was achieved on the fibers in part I. when the topology was composed of a
succession of pores.

From these results, it appears clearly that the fibers generated through the semi-industrial
process are the best candidate for photocatalytic application. However, some improvements are
needed for their industrial development, like the enhancement of their mechanical properties and
of their mineralization rate. For these two purposes, their weaving could be an interesting
solution as the fibers crossing will lead to an enhancement of the mechanical properties and the
fibers perpendicular to the air flux could induce a turbulent hydrodynamic flux character.
Moreover, one of the major drawbacks of air depollution by TiO, induced photocatalysis is that
the TiO, is only sensitive to light presenting a wavelength within the UV range. In consequence,
another perspective could be to make them sensitive to visible light. As our fibers are composed
of pure TiO,, this purpose could be achieved by doping with other materials such as platinum or

gold nanoparticles.
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Annex

Annex 4.1: Fibers surface fractal analysis (part.I)
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10-TiO,, (f) 260-30-TiO,, (g) 260-60-TiO,, and (h) TiO, ref fibers obtained from the adsorption
curve of the isotherm.
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Annex 4.2: Fibers optical properties (part.l)

The diffuse reflectance UV spectra (DRUV, see figure below) in Kubelka—Munk unit F/(R)
were typical of the spectrum of titanium dioxide. A more accurate determination of the indirect
bandgap of the Anatase TiO, fibers by plotting m vs energy indicated a mean value of
3.06eV+ 0.05 (see table below), for all the fibers and a slight deviation to 3.15 eV for the 260-
60-TiO, sample. Such a bandgap is smaller than the often-reported 3.2 eV for Anatase, but are
still consistent.” We concluded that the crystalline structure and the intrinsic optical properties of

the TiO, is not significantly modified by the insertion of latex particles within the fibers.
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Diffuse reflectance UV spectra of the as-prepared fibers (a). The figure b) is the representation of
the V(F(R)*E) vs Energy which allow the determination of the band gap value. This value is
given by the intersection with the X axis of the linear part of the curve circled in figure b).

Table: Energy of the band gap of the as-synthesized TiO, fibers obtained through DRUV
experiments and crystallite size of the Anatase deduced from X-rays patterns (Figure 2).

Fibers Band C(}:\;;)energy

TiO, 3.01
130-10-TiO, 3.07
130-30-TiO, 3.02
130-60-TiO, 3.08
260-10-TiO, 3.08
260-30-Ti0O, 3.09
260-60-Ti0, 3.15
Ti0; ref 3.05
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Annex 4.3: Equation used to determine the acetone degradation
kinetics taking into account the apparatus leaks

In the following, we consider that the acetone leaks can be represented as a linear curve over the

time, the slope of this curve being referred as k;.

When there are not any leaks, the equation representing the curve an order 0 reaction is:
[Acetone]; = [Acetone]-, — kt (1)

In consequence with leaks, we will have:
[Acetone], + k; X t = [Acetone];—, — kt (2)

When there are not any leaks, an order 1 reaction curve follows the equation:

[Acetone]¢ _
In ( [Acetone]tzo) = —kt (3)
With leaks we will then have:
[Acetone]y | .
In ( [Acetone]ref) - kt (4)
with [Acetone]..r= [Acetone]o — k; x t (5)

[Acetone]

In consequence, if by plotting “[Acetone]; + k; x t” vs “t”, or “ln( )” vs “t”, we

[Acetone]yef
obtain a straight line, the reaction is of order 0 or of order 1 respectively, the slope of the line

. . . . . .- . .-l .
representing then the reaction kinetics value in ppm.min~ or in min™ respectively.
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Annexe 4.4: Fibers acetone degradation reaction kinetics (part.I)
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Annex 4.5: Fibers surface fractal analysis (part.II)
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Annex 4.6: Fibers optical properties (part II)

The diffuse reflectance UV spectra (DRUV, see figure below) in Kubelka—Munk unit F(R)

are typical of the spectrum of titanium dioxide. A more accurate determination of the indirect

bandgap of the Anatase TiO, fibers by plotting /F(R) * E vs energy indicated a mean value of
3.08eV+ 2% which is consistent with the results in part I (see table below).

a) b)
- = TiO,-indus -T T T - = TiO -indus .
= = TiO,- latex- indus e - = ~ TiO,- latex- indus PR
. _ - : . -
— TiO,fibers 1 -7 —~ || TiO,fibers Ry -
— ||=——260-60-TiO, fibers : B || 260-60-TiO, fibers| < /™~
= = ‘
= E/ /
=
Y,
= ===
3 4 5 3 4 5
Energy (eV) Energy (eV)

Diffuse reflectance UV spectra of the as-prepared fibers (a). The figure b) is the representation
of the V(F(R)*E) vs Energy which allows the determination of the band gap value. This value is
given by the intersection with the X axis of the linear part of the curve circled in the figure b).

Table: Energy of the band gap of the TiO; fibers obtained through DRUV experiments.

Fibers Band Gap energy (eV)
TiO, 3.01
260-60-Ti0O, 3.15
Ti0,-indus 3.08
Ti0,-latex-indus 3.16
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Annex 4.7: Fibers acetone degradation reaction kinetics (part II)
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As demonstrated in many studies, anisotropic nanoparticles present many advantages
when it comes to conductivity properties, these later being also anisotropic. Moreover, the
arrangement of such nanoparticles at higher length scales allows to transpose this specificity,
as demonstrated with the alignment of carbon nanotubes inside macroscopic fibers." Among
the different material families, organic materials seem to be promising candidates for new
electronic devices due to their appealing characteristics such as an easily tunable bandgap, a
high mechanical flexibility, and a high biocompatibility.” Besides, their processing can be
achieved both at low cost and quite easily. For instance, inexpensive techniques such as spin-
coating, inkjet printing, or spray coating are employed. Another asset of organic compounds
is their chemical structure, which can be triggered easily through synthesis, giving numerous
different structures. So far, most of the researches focused on synthesizing 1D structures of
conducting polymer particles for electronic applications (nanorods, nanotubes, nanofibers).
For the present project, our goal was to prepare 2D structures, which could be used in Dye
Sensitized Solar Cells (DSSC), by starting from the synthesis of nanosheets of a conducting
polymer, the Polypyrrole (PPy).

Swollen Liquid Crystals (SLCs) were chosen as nano-reactors for the synthesis of these
nanosheets of polypyrrole, from the polymerization of pyrrole dissolved in the aqueous phase.
The first part of this chapter is then dedicated to the study of the SLCs, more especially to the
study of the domain of stability of the different SLCs phases according to their chemical
composition. In the second part, we discuss the influence of the monomer polymerization

degree over the final structure of the PPy nanoparticles, when confined within SLCs.
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I. General concept and objectives

I.1. Synthesis of polypyrrole

Polypyrrole (PPy) is a polymer that has lately attracted a lot of attention due to its
conductive and sensor properties. As for both these domains of research, the use of
anisotropic objects allows improving the overall material performances, intensive research
has been conducted on this type of synthesis. Until now, 1D structures such as nanorods,
nanofibers, and nanotubes have been obtained through hard templating, soft templating,
seeding, and interfacial reaction, the first two techniques being the most popular. *°

Porous inorganic structures, presenting well-defined hexagonal arrangement of channels,
and nano-fibers remain the most common hard templates used for the synthesis of 1D PPy
structures.” Material growth in porous membranes is a quite common process which was
pioneered by Martin.® It consists of three simple steps: 1) filling of the membrane pores with a
monomer solution, 2) inducing the polymerization reaction within the pores, and 3) removing
the template in order to retrieve the polymer. In recent years, Anodisc’™ alumina membranes
containing anodically etched pores has been the most common porous materials used, this
material presenting pore size that can be as small as 5 nm. Also, vanadium oxide ribbons and
carbon nanotubes were shown to be a suitable hard template for PPy nanofibers synthesis,
where the polymerization reaction occurs at the template surface.’

Surfactant self-assembly and reverse microemulsions were also used for the formation of
PPy 1D structures. In the case of surfactant-based synthetic routes, it was demonstrated that
only synthetic pathways involving cationic surfactant with long carbon chains such as
cetyltrimethylammonium bromide (CTAB) lead to the formation of PPy nanofibers. Recently,
W/O reverse microemulsions were investigated as a dynamic templating system in order to
produce PPy nanotubes. For this type of synthesis, FeCl; is dissolved into the aqueous core of
the reverse microemulsion, which helps forming rod/tube-shaped structures.”

Only few 2D PPy structures were reported in literature and, generally, these nanoplates
are aggregated and form 3D structures at the micrometer range.” '’ Almost all the studies
reporting the formation of PPy thin films involve electro-polymerization. The formation of
smooth PPy thin films using pre-synthesized 2D structures (nanosheets) was first reported by
Lee & al.'? In this study, Swollen Liquid Crystals (SLCs) presenting hexagonal arrangements
were used as soft template, with the pyrrole being added into the aqueous continuous phase,
and polymerization induced by chemical catalysis. However, the drawback of this method is

the polymerization reaction kinetics, which is about several weeks. Besides, no study has been
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conducted so far with non-hexagonal SLCs. Therefore, the present study tried to address two
successful goals: increase our knowledge on these SLCs by identifying a single parameter that
would allow us to switch from one mesophase to the other, and see if the synthesis in other
geometries than the hexagonal one could help to speed up the reaction and/or prepare other

types of nanostructured PPy

Figure 1. TEM images of PPy a) nanoﬁbers b) nanotubes and c) nanoplates'* obtained by
templating methods.

1.2. Physical-chemistry of Swollen Liquid Crystals

Swollen liquid crystals are composed of a water phase, an oil phase, surfactant
molecules, co-surfactant molecules and salt. In order to be able to assess the phase diagram of
this quaternary system, it is fundamental to understand the physical-chemistry phenomena
involved. More specifically, it is important to understand how the interfaces and the surfactant
radius of curvature will be affected when varying the phase composition. For this purpose,
three theories have been proposed. More details about these methods can be found in the book
written by Cosgrove et al."

Two of these theories are based on the nature of the surfactant. One of them, introduced
by Israelachvili et al.,'® is based on the geometrical characteristic of the surfactant molecule.
In this case, the preferred radius of curvature between an oily and an aqueous phase is
determined by: the minimal area of the head group (ay), the volume of the hydrophilic tail (v),
and the maximum extended chain length of the tail (Ic). With this concept, if ap > v/Ic, the
water will be the continuous phase of the emulsion, if ag < v/lc, then the oil will be the
continuous phase, and if ayp = v/Ic, a planar interface will be obtained between the two phases.

Another well-known theory introduced by Griffin et al.'” is based on the chemical
structure of surfactant molecules: the hydrophilic—lipophilic balance (HLB) theory. In this
case, the radius of curvature will be determined by calculating the relative proportions of
hydrophilic and hydrophobic groups within the molecule. With this theory, Griffin proposed a
general formula for non-ionic alkyl polyglycol ethers compounds. Later on, Davies'®

proposed a new general formula to calculate the HLB of a surfactant using constants assigned
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to hydrophilic (H) and hydrophobic (L) groups. If we call ng and np the number of these
groups per surfactant molecule, the HLB can be defined as:
HLB = [(ny X H) — (n, X L)] + 7

For lamellar structures, i.e. zero curvature, it was shown that HLB=10."" Then oil will be
the continuous phase if HLB<10, and water will be the continuous phase otherwise.

From these two theories, we can conclude that the nature of the surfactant molecules
(chemical composition and geometry) is a key parameter to adjust the radius of curvature of
an interface. However, other parameters, which are not taken into account in these theories,
can be adjusted to change the radius of curvature.

Another theory, more complete as it takes all the interactions into account, was proposed
by Winsor®’ to account the influence of amphiphiles and solvents on interfacial curvature: the
“R ratio” method. In this concept, three different regions are identified: a water region (W), an
oil region (O) and an amphiphilic region with surfactant molecules (C). At the interface, these
three regions coexist which lead them to interact between each other. In this model, the film
stability and its radius of curvature can be determined when all the cohesive interactions are
known. These cohesive interactions are presented in Figure 2 where the cohesive energy
between a molecule x and a molecule y is defined as A,,, Ay being positive when the
interaction between the molecules is attractive. For surfactant—oil and surfactant—water
interactions Axy can be considered to be composed of two additive contributions:

Axy = Apxy + Apxy

where Awy quantifies interaction between non-polar portions of the two molecules
(typically London dispersion forces) and Aumuxy represents polar interactions, especially
hydrogen bonding or Coulombic interactions. In this case, Ay, (polar interaction between
surfactant and oil phase) and Ay (non-polar interaction between surfactant and water phase)
are generally very small values and can be ignored. The cohesive energy Arc, evidently
promotes miscibility of the surfactant molecules with the oil region, and Ay with water. On
the other hand, A,,and Ay oppose miscibility with oil, while Ay and Ayy oppose miscibility

with water. From this information, the R ratio will be defined as:

R — ALco_Aoo_ALL (1)
AHCW _Aww _AHH

In brief, the R ratio can be defined as the ratio between the interactions favoring the oil
phase as the continuous phase over the interactions favoring the water phase as the continuous

phase. Thus, if R>1, the oil phase becomes the continuous phase, if R<1 the water phase
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becomes the continuous phase, and if R=1, the interface is balanced which consist in a planar
interface. In this case, we can see clearly that by varying the interactions energies, it is
possible to modify the radius of curvature of the system. If we consider that the nature of the
oily and the water phases are not changed, Arr, Arco, and Apy can be modified by changing
the nature of the surfactant or by adding another one in the mixture (co-surfactant).
Morevover Apy can also be modified by adding salt into the water phase when dealing with
ionic surfactants. Now that we have identified which parameters can be modified to adjust the

radius of curvature, we will explain how we used them in our project and for which purposes.

00 3
<
Lco
OIL PHASE: O
SURFACTANT c
Alcw A\ LAYER '
Hco
WATER PHASE: W
AH o

Figure 2. Schematical representation of the cohesive energies present at the interfacial region
of an oil-surfactant—water system.zo

1.3. Synthesis of Polypyrrole nanosheets and objectives

When it comes to the syntheses of hierarchically porous materials or anisotropic objects,
systems relevant to soft matter have become an important actor in material structuring. The
role of quaternary ammonium surfactants as template for the formation of mesoporous silica,
was first demonstrated by Kresge et al.>'** Attard et al. used direct nonionic surfactant-based
binary hexagonal liquid crystals (LC) to synthesize porous materials and porous metal films
by direct Liquid Crystal Templating (LCT).>?® This LCT method was further expanded to
giant direct hexagonal mesophases made of a quaternary system (water, surfactant,
cosurfactant and oil) called Swollen Liquid Crystals (SLC).>” Compared to binary LC, the
hydrophobic part of SLC can swell as a result of the addition of an oil phase within the
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hydrophobic surfactant structure. This swelling effect is stabilized by the addition of a co-
surfactant (1-pentanol) along with that of a suitable amount of salt (NaCl, NaF, Na,SOy, etc)
to adjust the repulsive electrostatic interaction between surfactant heads. Studies on the SLCs
hexagonal phase demonstrated that well-defined hexagonal structures with cell parameters
ranging from 3 to 30 nm can be obtained.”’

Since these SLCs are dynamic systems, their stability results from a fine balance between
components, and any uncontrolled change, resulting from their use as adaptive matrix for the
synthesis of nanomaterials within, must take into account the influence of new additive on
this stability, before and during the synthesis. The hexagonal phase of SLCs has already been
used as a reactor to synthesize materials either in the aqueous or in the oil phase. The
anisotropic confinement provided by the SLC led to nanomaterials with specific shapes such
as Pt nanorods or nanoballs, zirconia needles, or polymeric nanowires.®

Polypyrrole has been studied for long because of its potential as organic electrode, the
synthesis of this polymer in bulk giving spherical nanoparticles. ' Lee et al.** reported that
the SLCs hexagonal phase can be used for the formation of polypyrrole nanosheets when
synthesized in the aqueous phase. As the Pyrrole is soluble in water, the polymerization
reaction occured in between the cylinders of the SLCs hexagonal phase, which allowed the
formation of PPy nanosheets (see Figure 3.c.). Compared with the nanoparticles, these

polymer nanosheets could better self-assemble into continuous conducting films via a tile-like

mechanism.

® o
®e®
b)

Figure 3: Schematic representation of a) a micelle of a direct emulsion, b) a cubic phase, c) a
hexagonal phase, d) a lamellar phase, and ¢) a sponge phase.”

a)

The hexagonal SLCs have demonstrated great success in the synthesis of numerous
nanomaterials, but their use still presents two drawbacks: (i) the hexagonal phase is stable
only in a narrow area of the phase diagram and it requires a fine adjustment of the co-
surfactant, and (i1) it is very viscous, which limits the mixing of the SLCs phase containing
the monomer and the one containing the catalyst, the reaction occurs then by diffusion and the

reaction time can be extended to several weeks.
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The structural study of these phases has remained focused on the domain of stability of
the hexagonal phase until now, but the identification of other geometries could provide new
developments regarding the use of these SLCs as nanoreactors.”’ Therefore, we investigated a
partial phase diagram, based on the variation of two parameters (concentration in co-
surfactant and salt) in order to identify other possible phases than the hexagonal and assess
their domain of stability. The structural evolution of SLCs made of a mixture of
cetyltrimethylammonium bromide (CTAB), water, cyclohexane, 1-pentanol and salt, is
reported, with the identification of the different aggregate geometries within a partial phase
diagram based on the amount of co-surfactant/CTAB for different concentrations in salt. Two
salts, ammonium persulfate (AP), (NH4),S,0s, or sodium fluoride (NaF), were selected for
this study, with NaF being the salt used in previous reports, and AP being the catalyst used for
the synthesis of PPy.*> The possible influence of the nature of the salt was explored by
comparing the phase diagram of the AP-based SLCs with similar structures prepared with
NaF at 0.2M concentration.

The SLCs sponge phase appeared as a good candidate for the preparation of PPy
nanosheets as: (i) it was demonstrated to possess a large domain of stability in the partial
SLCs phase diagram (see part II), (ii) it is liquid, and the easy mixing of the two SLCs phases
containing the monomer and the catalyst can ensure fast reaction kinetics, and (iii) its bi-layer
organization is compatible with the formation of PPy nanosheets (see Figure 3.e.). The PPy

polymerization in SLCs sponge phase was then investigated in part III.

II. Swollen Liquid Crystals phase diagram

I1.1. Swollen Liquid Crystals preparation

In order to prepare the SLCs, we used cetyltrimethylammonium bromide (CTAB),
cyclohexane, 1-pentanol, sodium fluoride (NaF), ammonium persulfate ((NH4),S,0s), and
hydrochloric acid (HCI). They were purchased from Aldrich and used as received without
purification.

The preparation of the mesophases was slightly modified compared with the previously
published method, where the co-surfactant was slowly added at the end of the synthesis until a
transparent viscous phase was obtained.”® The protocol followed for the SLCs preparation is
described in Figure 4. Typically, the salt was dissolved in water at pH close to O at three
different concentrations: 0.1M, 0.2M and 0.3M for NaF, and 0.05M, 0.1M and 0.15M for AP

to keep the same equivalent ionic strength. Two grams of this solution were mixed with 1g of
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CTAB and then placed in an ultrasound bath till a transparent homogeneous solution was
obtained. Various pre-determined amounts of 1-pentanol (co-surfactant) were added, followed

by the addition of cyclohexane (swelling agent) according to the equation:**
Mcyclo= 0.779*(Vwater/0.156) *(n.[salt]+0.104) (2) (n = valence of the salt)

The mixture was finally shaken with a vortex mixer until a homogeneous system is
obtained, and stored for at least one week before analysis. In the following, samples are
labelled NaF/M/R or AP/M/R, when prepared with NaF or AP, respectively, with M being the
ions concentrations in solution (0.1; 0.2; 0.3) and R the pentanol/surfactant molar ratio. In the
case of NaF, M is equal to the [NaF]. However, in the case of AP, the ions concentration is
equal to the 2x[AP], this value will be referred to in the following as [AP]ions. As the radius of
curvature is influenced only by the ions concentration, this value will be the parameter that
matters in the experiment. In consequence, the discussion will consider [AP]ios instead of

[AP].

Water pH=0 CTAB
+ AP or NaF

Mixing and ultrasound l

Liquid Crystals

Cyclohexane 1-pentanol

\/

Vortex mixing

A 4

Swollen Liquid Crystals

Figure 4. Experimental protocol for the SLCs preparation.

I1.2. Macroscopic evolution

With the aim of providing the required information for the future synthesis of PPy in
non-hexagonal SLCs, a partial phase diagram made with the AP catalyst used as a salt was

studied first. This partial phase diagram was determined for three different AP ions
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concentrations (0.1, 0.2, 0.3 M). A 1-pentanol/CTAB molar ratio (R) between 0.2 and 2.2 was
studied. For each salt ions concentration, the volume of cyclohexane was set constant and
deduced from eq. (2). The macroscopic evolution of SLC (color, viscosity) containing a
[APJions €qual to 0.2M was followed according to the different values of 1-pentanol/ CTAB
ratio, R, ranging from 0.4 to 1.8 (Figure 5).

The yellowish color of the SLCs is due to AP. Increasing the amount of 1-pentanol
modifies both the turbidity and the viscosity of the SLCs, but no macroscopic phase
separation was observed along the whole range, despite the high fraction of both water and
cyclohexane. For R = 0.4, the SLCs is very viscous, almost solid-like, and turbid. By
increasing R to 0.8 the SLCs present a still very viscous, but fully transparent phase that flows
slowly. A slight addition of pentanol (R = 1.1) reduces drastically the viscosity while
increasing the turbidity. At R=1.5, we observe that the phase is still turbid but it turns into a
low viscosity fluid, and at R = 1.8, the phase has turned into a fully transparent fluid and
perfectly stable over time (months). This final state of the SLCs, which can be achieved over

a large range in 1-pentanol concentration, offers great opportunities as it is a perfect mixture

of two non-miscible phases (water and cyclohexane) that are intimately interlocked.

0.4 0.8 1.1 1.5 1.8

Figure 5. Images representing the evolution of the SLCs appearance depending on R at
[AP]ions=0.2M. Samples were prepared with 1.0g CTAB, 0.046g AP, 2.00g water (pH 2),
3.06g cyclohexane. The amount of added 1-pentanol was: (a) 0.097g, (b), 0.198g, (c), 0.264¢,
(d) 0.365g, and (e) 0.440g.
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I1.3. Structural evolution

11.3.1. Phase transition analysis (SAXS and cross-polarized optical microscopy)

In order to determine which phase corresponds to each appearance and their domain of
stability, we performed SAXS analyses on the SLCs that we coupled with optical microscope
analyses under polarized light. Indeed, the last analysis is needed to complete the first results
obtained by SAXS analysis. The samples were first characterized by small angle X-ray
scattering (SAXS) on a Nanostar (Bruker Co.), equipped with a copper anode (40kV, 35mA).
The apparatus is equipped with two crossed Goebel mirrors in order to select the CuKa
wavelength (0.154 nm) and produces a parallel beam, the final collimation being adjusted
with a 3-pinhole setup (with a 300um diameter for pinhole-2). SAXS patterns were acquired
using a 22x22cm 2D gas detector HiStar from Bruker Co., positioned at a distance D of the
sample. Silver behenate was used as a position reference. The scattering wave vector range
used was 0.1 - 2.0 nm™'. The mesophases were also observed under cross polarized light Leica
DM2500P optical microscope equipped with a CCD FireWire Leica DFC420 camera. (Figure
7, see also Annex 5.3 for samples prepared with a 0.3M [AP]ions).

The SAXS scattering patterns of the SLCs are shown in Figure 6 where we present the
evolution of the patterns while increasing the amount of 1-pentanol (see also Annex 5.1). The
presence of well-defined and most often sharp peaks is a specific feature of most of the
observed patterns, revealing the presence of long-range ordered domains with repeating
distances (deduced from the first-order peak location in reciprocal space) in the 10-40 nm
range. From SAXS analyses, the positions of the peaks are also extracted, the ratios between
their positions being presented in the Figure 10 that sums up the major results obtained with
the different techniques.

A face-centred cubic phase (Fm3hm symmetry, Al) presents in theory 4 major peaks of
diffraction at ratios of 1 (111), V(4/3) (200), V(8/3) (220), and V(11/3) (311). The cell
parameter, a, represents the distance between the centres of two micelles, and is calculated
from the first peak position with a = (27/q;) xV3.>> An hexagonal phase (H1) displays 4 major
peaks of diffraction at ratios of 1, \/3, 2, and \/(7). The cell parameter, a, corresponds to the
distance between the centres of two cylinders, and is calculated from the first peak position
with a = (21/q,)x(2/\3). A lamellar phase (L) is represented by 3 major peaks of diffraction
at ratios of 1, 2, and 3. The average size of the bi-layer (cell parameter) is calculated with a =

27‘[/q1.
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The images of the samples taken under cross-polarized light on the microscope are
presented in Figure 7. In this figure, the images representing the samples at the lowest and the
highest ratio of 1-pentanol were not included as they present an isotropic behavior (black
image). A hexagonal phase is often characterized by either a smokey, or a mosaic bi-

refringence texture. When observed by optical microscopy under cross-polarized light, a

lamellar phase exhibits Malta-crosses.

e)
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s

=
=
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Figure 6. SAXS patterns evolution depending on the 1-pentanol over surfactant molar ratio

(R) varying from 0.3 to 2.2 and AP salt ionic strength set at 0.2M: a) R=0.3, b) R=0.7, c¢)
R=0.8, d) R=1, e) R=1.15, f) R=1.33, g) R=1.5, h) R=1.6, 1) R=1.7,j) R=1.9, k) R=2.2.
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The SAXS patterns of the SLC prepared with an increasing amount of co-surfactant
suggests the presence of two types of structural modifications induced by 1-pentanol:
continuous evolutions (while R increases from 0.3 to 0.7, or above 1.8 for instance), as well
as structural transitions (e.g. occurring in the 0.8<R<1.0 or 1.33<R<1.7 range). Further
investigation of these SAXS patterns was carried on by plotting a Porod representation (I x
q*=f(q)) to emphasize the high-q component of the signal (Annex 2). This representation
reveals that scattering contributions significantly above the noise level exist at larger q, which
can be assigned to the presence of well-defined shapes (e.g. spherical, cylindrical or platelet-
like shapes) for the regularly stacked hydrophobic domains (cyclohexane + tail of the CTAB

and 1-pentanol molecules). In the following paragraphs, the d-spacings is defined as d=2n/q;

where g is the location in the reciprocal space of the i peak.
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At low R (R=0.3), the SAXS pattern presents a set of two major diffraction peaks whose
positions are in the ratio 1:V(8/3) and the image of this sample on the microscope under cross-
polarized light is totally black (Figure 10). From these results, we can deduce that this pattern
corresponds to a face-centred cubic phase (A1l). Due to the resolution of our equipment, we
assume that the second peak is merged with the first peak and cannot be distinguished clearly.
We can also conclude that the fcc structure is perfectly ordered at R = 0.3 (ql, q3, & g4
diffraction lines assigned and no birefringent textures observed) and it becomes progressively
disturbed as R increases (only ql and 2 with the good ratio, and birefringent textures
observed at R=0.6 (Figure 7)). This structural disturbance goes along with an increase in the

cell parameter, from 26 nm at R=0.3, to 40 nm at R=0.7.

200 um ‘ _- 200 um

200 um . 200 wm

“\‘1 f“‘, 2 "b‘ 2 .
Figure 7. Optical microscopy under cross-polarized light of the SLCs made with AP (0.2M
ionic strength): a) ill-ordered hexagonal phase (R=0.6), b) hexagonal phase (R=0.8), c)
lamellar phase (R=1.15), d) mixed lamellar/sponge phase (R= 1.6). Samples were prepared
with AP salt ionic strength set at 0.2M (1.0g CTAB, 0.046g AP, 2.00g water (pH 2), 3.06g
cyclohexane).
If we increase R (0.8<R<1), the pattern exhibits a set of three diffraction peaks whose
positions are in the ratio 1:V3:2, and we can observe a characteristic bi-refringence behaviour

of an hexagonal phase on the image in Figure 7.b. and Figure 10. In consequence, we can
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deduce that it corresponds to a hexagonal phase (H1).*® the cell parameter for this structure
varies from 23 nm at R = 0.8 to 35 nm at R=1.0

At R=1.15, we observe a single narrow peak combined with an increase in the intensity
at low q values. Moreover, the image of the sample in Figure 7.c. presents a bi-refringence
behaviour with the presence of Malta crosses characteristic of a lamellar phase, more
specifically of onions structure. The narrow peak indicates an anisotropic crystalline phase
and the increase at low q indicates that there is a large distribution of the size of the
mesophase. In order to see if there is the presence of a bilayer signal, we decided to use the
Porod representation which consists in representing the spectra according to the equation: f(q)
=1x q".(Annex 2) In this representation, the presence of a “sinusoidal” signal at high q value
will indicate the presence of the bilayer. As this sinusoid is observed on the SAXS pattern, we
can conclude that the sample presents a bilayer structure. In consequence, even if the second
peak of the lamellar phase at a ratio 1:2 is too small to be visible on the graph, we can deduce
that we have here a Ly phase with a large distribution of distance between planes. The
lamellar phase has a structural parameter around 15nm.

At higher R (1.3<R<1.7), the pattern exhibits a large peak at low q values and a narrow
peak at higher q values, and the image in Figure 7.d. presents a bi-refringence behaviour with
the presence of malt crosses. These features are typical of a mixed phase containing La plus
an isotropic phase (the second peak of the La phase being too small to be visible on the
graph). The isotropic phase nature, which could be a micro emulsion solution or a sponge
phase among others, will be determined with the analysis of the pattern at highest R. Indeed,
the patterns of the samples at the highest R present only a broad peak at low q values and so
correspond to the pure isotropic phase. The key difference between a micro emulsion and a
sponge phase is that, in a sponge phase, the local structure is similar to a lamellar phase and
so possesses a bilayer structure. We plotted then the Porod representation of this pattern
(Annexe 2) where we could observe the “sinusoidal” signal characteristic of the bilayer
structure, more specifically the first half of a sinusoidal curve. From this result, we deduced
that the broad peak in our case corresponds to a sponge phase (L3). In the mixed Lo + L3
phase, the La phase has a structural parameter d comprised between 16nm and 20nm, and the
L3 phase has a d comprised between 8nm and 10nm. For the pure L3 phase, d is comprised
between 13nm and 15nm. For each phase, the highest values of d correspond to the lowest R.

On the other hand, some samples located in between two domains exhibits patterns that
are complicated to analyse due to the coexistence of several phases. In the following, we will

name these phases “intermediary phase”.
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In conclusion, we can see that for the lowest R, the SLCs exhibit an Al phase. As we
increase the 1-pentanol amount they will turn successively into a mixed Al + HI1 phase, a

pure H1 phase, a pure La phase, a mixed La + L3 phase and finally a pure L3 phase.

11.3.2. Evolution of the structural parameter with R

The steady variation in characteristic stacking and domain sizes with R, was identified
by plotting the evolution of the lattice parameter “a” (identified from Annex 5.2) with R
(Figure 8). The labelsa C,a H,a L,a Lmix, a S, and a_hydrophobic represent respectively
the lattice parameter of the cubic phase, the hexagonal phase, the lamellar phase, the lamellar

phase part in the lamellar/sponge mixed phase, the sponge phase, and the size of the

hydrophobic domains.
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Figure 8. Evolution of the d-spacing deduced from the SAXS peak positions, as a function of
the pentanol over surfactant molar ratio (R), and AP salt ionic strength set at 0.2M. a C, a H,
a [, a Lmix, a_ S, and a_hydrophobic representing respectively the lattice parameter of the
cubic phase, the hexagonal phase, the lamellar phase, the lamellar phase part in the
lamellar/sponge mixed phase, the sponge phase, and the size of the hydrophobic domains.

The diffraction peaks position evolves continuously with R. We can clearly observe two
distinct trends for the lattice parameter, a, which are independent of the SLCs mesophase. A
first trend is observed below R = 1.3 with an increase in the values of “a” with R (a_C: 26 to
40 nm; a H: 22 to 26 nm; a_L: 9.5 to 14.6 nm). A second decreasing trend is observed above
R=1.3(a Lmix: 11.5to 7.5 nm; a_S: 27 to 12 nm). Moreover, if we separately consider the
regions where R<1.3 and R>1.3, we notice that the phase present after each phase transition

possesses a lattice parameter smaller than the previous one. Also, the data points

corresponding to the size of the hydrophobic domains, made of the two layers of CTAB alkyl
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chains and cyclohexane/1-pentanol contained within, remains close to 7 nm over the whole R
range (a_hydrophobic is defined from the high q values component of the signal).

In conclusion, as a_hydrophobic remains constant, we can say that when R<I1.3, the
water domain of SLCs structure swell by the addition of 1-pentanol for a same mesophase,
but becomes smaller in between two phases. When R>1.3, the apparition of the disordered
sponge phase is responsible for an increase of the water domain size overall, which will then

become smaller by further addition of 1-pentanol.

11.3.3. Freeze Fracture Transmission Electron Microscopy

The structure of the SLC phase was confirmed by Freeze Fracture Transmission Electron
Microscopy (FF-TEM) with a TEM Hitachi H600 apparatus using a Tungsten filament
operating at an accelerating voltage of 75 kV. Typically, one small drop of solution was either
placed on a gold support, or in between two copper supports and then immersed quickly into
liquid propane cooled down by liquid nitrogen. The samples were then transferred into the
chamber of the freeze fracture apparatus (Leica BAF 060) and either cut with a blade (gold
support), or fractured by pulling apart the two copper supports. A 4 nm layer of Platinum-
Carbon and a 30 nm Carbon layer were sputtered. The replicas were cleaned, and deposited
onto a copper grid (400 mesh), before being observed.

Figure 9 shows three representative structures of the whole series: for R=0.45 (Figure
9.a.), a network of small, nearly spherical objects arranged in a close packed structure is
observed, which matches with the hypothesis of a cubic phase. For R=0.81 (Figure 9.b.),
multi-facetted larger structures lead to the hypothesis of a hexagonal structure. Finally, the
sample prepared with R=1.7 (Figure 9.c.) exhibits two different structures, with parallel lines
(see arrow), and a worm like structure, which can be ascribed to the cross-section and surface

of lamellar domains, respectively.

Figure 9. TEM images of SLCs replicas obtained by freeze fracture method: a) cubic phase
(R=0.45), b) hexagonal phase (R=0.81), c) mixed lamellar/sponge phase (R=1.7). Samples
were prepared with AP salt ionic strength set at 0.2M.
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I1.3.4. Phase diagram

Figure 10 displays the ratio values calculated for the SAXS peak positions of Figure 6.
This figure summarizes also the information obtained with the different techniques used to

characterize these mesophases which lead us to establish the partial phase diagram.
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Figure 10. Summary of the informations collected, combined with the plot of the SAXS
diffraction line ratio d,/d; calculated from peak positions in Figure 6. The gray areas correspond
to the isotropic structure areas, and pictures of cryo-TEM (scale bar: 100nm) and polarized light
microscopy (scale bar: 200pum) refer to Figure 7 and Figure 9, respectively.

The same analysis was carried out for other ionic strengths in AP, with a similar
evolution being observed (Figure 11.a.). Variation in the ions concentration comes in parallel
with a variation in the oil content (see eq.(2)), but none of them drastically modify the
frontiers in phase transition: A1 — H1 — La — L3. Therefore, it can be concluded that the
use of AP as a catalyst for the synthesis of polypyrrole, should keep the SLC structure
untouched, if the initial concentration corresponds to an ionic concentration close to 0.3,
corresponding to [AP]= 0,15M.

As the synthesis of polypyrrole involves the dissolution of the monomer in another SLC

stabilized by a salt such as NaF, before mixing with an AP-containing SLC,*” a parallel study
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with NaF used in place of AP confirms that the structural evolution as a function of the
addition of pentanol, is similar to that observed with AP (Figure 11.b). As a result, it is
expected that the synthesis of polypyrrole could be conducted in any of the structures of the

pseudo phase diagram studied in this report.
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Figure 11. Evolution of the SLCs mesophase structure with R as a function of (a) the
ammonium persulfate (AP), and (b) comparison between AP and NaF at 0.2M ions

concentration: M cubic phase, mixed cubic/hexagonal phase, ® hexagonal phase,
“intermediary” phase, ¥ lamellar phase, mixed lamellar/sponge phase, and P sponge
phase.

I1.4. Intermediary conclusion

CTAB/salted water/Cyclohexane/1-pentanol quaternary systems can form Swollen
Liquid Crystals. In order to stabilize liquid crystalline phases, the amount of each component
has to be carefully adjusted. We demonstrated in this report that at a fixed CTAB and
oil/water ratio, the amount of 1-pentanol will determine the nature of the liquid crystalline

phase. By increasing the amount of 1-pentanol, the crystalline phase will switch successively
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from cubic to hexagonal, to lamellar, and finally to sponge, with the apparition of mixed
phases domains in between the pure phase domains. The salt concentration and the nature of it
have only little influence on the size and the stability range of the phase domains.

As explained in the introduction, we want to use SLCs as nanoreactors for the
polymerization reaction of the Pyrrole in order to obtain nanosheets. For this purpose, we
need an anisotropic phase whose domain of stability will be wide enough to be able to resist
to slight modification (variation in salt concentration and addition of Pyrrole). As the domain
of stability of the lamellar phase is very narrow, this phase cannot be used in our application.
As we explained in the introduction, the hexagonal phase is also not suitable due to its high
viscosity, which increases dramatically the kinetics of reaction. Finally, the only phase
matching our criteria is the sponge phase that possesses a wide domain of stability, a very low
viscosity, and that possesses a local bi-layer structure which can direct the growth of the PPy
in order to obtain nanosheets. In the next part we will then investigate the polymerization of

the Pyrrole in sponge phase SLCs.

III. Polypyrrole syntheses

I11.1. Experimental protocol

The protocol is basically the same as for the preparation of Swollen Liquid Crystals
(SLCs) except that, pyrrole is added in the surfactant- and NaF-containing aqueous part of a
SLCs, before the addition of cyclohexane and 1-pentanol. Pyrrole was purchased from
Aldrich and was used without any purification process. For the synthesis of PPy, two different
phases, one containing the Py (Phase A) and the other one containing the polymerization
catalyst AP (Phase B), were prepared. The protocol followed for the preparation is described
in Figure 12. Typically, the salt was dissolved in water at pH close to 0 at a concentration of
0.3M for NaF, and 0.15M for AP ([AP]ions=0.3M). Two grams of this solution were mixed in
warm water with 1g of CTAB and then placed in an ultrasound bath until a transparent
homogeneous solution is obtained. At this stage, 0.033g of Pyrrole was added for the
preparation of the Phase A. Then, around 4.05g of cyclohexane and around 0.45g of 1-
pentanol were added into the mixture for both Phase A and Phase B. The mixture was finally
shaken with a vortex mixer until a homogeneous system is obtained.

Phase B was slowly poured into Phase A, and the final mixture was gently stirred in
order to ensure an optimal contact between the two phases, and left to react for one week

before PPy extraction. For extraction, the SLC obtained after reaction was first mixed with
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25mL of a water and ethanol solution (50:50), before being centrifuged at 4,000rpm for
10min. PPy settled at the bottom and the supernatant was removed. This step was repeated by
adding 40mL of the washing solution, re-dispersing the PPy suspension for 10 min in an
ultrasound bath, and centrifuged again at 4000rpm for 10min. Once again, the supernantant
was removed. Finally, 10mL of a water solution at pH=2 was added to the precipitate, to
protonate the PPy, and sonicated for 10 min. This final product used in the following is made

of this aqueous PPy suspension.

a b

Water pH=0 + NaF CTAB ) Water pH=0 + AP CTAB )

Mixing and Mixing and

ultrasound ultrasound l

Liquid Crystals Liquid Crystals
Cyclohexane Cyclohexane 1-pentanol
Pyrrole (pur) ~"
1-pentanol
Vortex mixing Vortex mixing
A 4 A 4
Swollen Liquid Crystals Swollen Liquid Crystals
Phase A Phase B

Figure 12. Experimental protocol for the preparation of the SLCs phases used for the
polymerization reaction: a) the phase containing the monomer, and b) the phase containing
the catalyst.

I11.2. Preliminary results

I11.2.1. Swollen Liquid Crystals stability

We investigated if the addition of Pyrrole within the SLCs structure leads to phase
transitions. For this purpose, we performed SAXS analyses on sample prepared following the
Phase A protocol, at different R ratio and we compared the results to the previous analysis
(Figure 13).

We investigated samples with R = 0.5, 0.8, 1.45 and 1.8 as these values correspond to the
middle of stability domains of the cubic, hexagonal, lamellar/sponge and sponge phases,

respectively. As the stability domain of the lamellar phase is very narrow, we did not
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investigate this phase. From Figure 13, we observe that the insertion of Pyrrole within the

structure does not modify the SLCs phase, and same structure as for the pure SLC, are

2.2
2.0+ >
1.81 >
1.6
1.4
~ 1.2
1.0
0.8 °
0.6 -
0.4
0.2

CTAB
vy

pent
eedd <«

NaF + Py NaF

Figure 13. Comparaison of SLCs mesophase structure with R between the Phase A prepared
with and without Pyrrole at [NaF]=0.2M: B cubic phase, ® mixed cubic/hexagonal phase,
® hexagonal phase, ¥ lamellar phase, ¥ mixed lamellar/sponge phase, and P sponge phase.

obtained. In consequence, the phase diagram obtained in Part II can be used as reference for

our study.

I11.2.2. Pyrrole polymerization

We carried out a first experiment to check that PPy nanosheets can be obtained by using
SLCs sponge phase as a matrix for the polymerization reaction. Surprisingly, this first test
showed different structures, depending on the age of pyrrole used (Figure 14). Indeed, an
“aged” precursor (one year old opened flask) led to very opened and reticulated micrometric
structures (Figure 14.b.) whereas the same experiment conducted with “fresh” precursor (new
flask just received and opened before the reaction) led to dense monodispersed 100 nm
nanoparticles (Figure 14.a.). With “fresh” Pyrrole, we obtained spherical PPy nanoparticles
with a diameter about 100nm. However, with the “aged” Pyrrole monomer, we obtained
larger particles within the micrometer range. In this case, we assumed that the Pyrrole already
reacted in the bottle over the time and that the monomer was “pre-polymerized” before the
experiment.

We notice that the structures obtained in the sponge phase are not lamellar as observed
for synthesis in the hexagonal mesophase.®” This can be explained by the difference of
kinetics between the two reactions. As explained in part I, the hexagonal phase is very
viscous, and the monomer polymerizes through the slow diffusion of pyrrole within the
hexagonal phase containing the AP. Besides, the hexagonal phase being more rigid, applies a
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higher confinement effect, which reduces the particle growth along one axis. On the contrary,
in the sponge phase, with “fresh” pyrrole, the diffusion kinetics is faster and the confinement
matrix is more plastic, which allows a usual 3D nucleation and growth mechanism of
spherical particles (Figure 14.c.). With the “aged” pyrrole, the existence of small chains of
PPy before reaction, leads to polymerization between these oligomers, not between
monomers, which results still in 3D objects, but with a more opened structure and larger size
(Figure 14.d.). However, the formation of these 3D objects seems to be confined by the
sponge-like structure, and their opened structure leads to 2D entities when coated on a

substrate (Figure 14.b.).

“ F
c) Py
Yo by By B _
By 7 s R Py—Py—Py,
N N / ¥ N—
R R - L Py—Py—Py—Py YRy
Py
Py l 1
Spherical Ppy particles

Ppy chains forming nano-sheets

Figure 14. TEM images of PPy obtained through the polymerization reaction of the Py in
SLCs sponge phase using a) a bottle opened right before the experiment b) a Py bottle
opened for one year. The schemes c) and d) represent the proposed pathways for the low
and the high purity cases, respectively.

From this preliminary experiment, we deduce that the high reaction kinetics due to the
reaction in sponge phase (full polymerization in two days instead of several weeks), and
higher plasticity of the phase, favors the formation of spherical objects during the
polymerization reaction. However, it is still possible to obtain planar/anisotropic objects by
using pre-polymerized PPy. We could not proceed further with these tests, but it would be
interesting to perform a more detailed study on the relationship between the degree of

polymerization of the starting oligomers and the morphology of the resulting PPy.
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Conclusion

CTAB/salted water/Cyclohexane/l-pentanol quaternary systems form Swollen Liquid
Crystals. In the first part of this report, we demonstrated that at a fixed CTAB and oil/water
ratio, the amount of I-pentanol determines the nature of the liquid crystalline phase. By
increasing the amount of 1-pentanol, the crystalline phase switches successively from cubic to
hexagonal, lamellar, and finally to sponge, with the existence of mixed phases domains in
between the pure phase domains. The salt concentration and its nature have only a little
influence on the size and the stability range of the phase domains. From this study, we also
determined that due to its wide domain of stability and its bi-continuous structure, the sponge
phase is a good candidate to replace the hexagonal phase for the PPy nanosheets
polymerization.

However, in the second part, we demonstrated that the confinement applied by the
sponge-like structure is not as drastic as that provided by the hexagonal phase, which results
anyway in the synthesis of monodisperse 100 nm particles of PPy. We discovered inavertently
that pre-polymerized PPy oligomers resulting from an aged chemical, gives opened
nanostructures, which should be worth being studying by applying a more controlled way of

this pre-polymerization.
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Annex

Annex 5.1 : SAXS patterns
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Annex 5.2: Porod representation of SAXS patterns
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Annex 5.3: Optical microscopy under cross-polarized light

Optical microscopy under cross-polarized light of the SLCs made with [AP]ons = 0.3M: a)
R=0.6, b) R=1.0, c) R=1.5.
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General conclusion and perspectives

In this PhD project we synthesized functional materials using the transversal concept of
Integrative Chemistry. For this purpose, we used the tools of the sol-gel and polymer chemistry,
combined either with external macroscopic shaping modes such as extrusion, or intrinsic ones,
such as swollen liquid crystals templates. The overall progression of this PhD project was
iterative, where each new objective comprised a new parameter compared to the previous one. In
this context, the first objective was to create an intrinsic interaction between the objects of a same
material (photonic), the second one was to create an interaction between the objects of a material
and its environment (photocatalysis), and the third one was to create an interaction between the
material and the components of a whole system. The two first objectives are dedicated towards
applications involving interactions between light and matter, and to their resulting benefits
(photoluminescence, photocatalysis) and the third one toward conductive thin films application.

As it has been demonstrated that the material shape and architecture are as important as its
composition, we first described the general context and the issues related to the synthesis of
functional materials bearing hierarchical architectures. As we aimed to control the material
architecture at all length scales, we presented first the strategies allowing controlling the shape of
the particles at a nanoscopic and a microscropic length scale. These particles constituted in our
study the nano-building block of our macroscopic material. Then, we discussed the existing
shaping tools allowing the creation of mesoscopic and macroscopic architectures from these
nano-building blocks.

As explained earlier, the first project aimed to create an interaction between the components
of a same material. We decided to illustrate this concept by working on photoluminescent
materials (zinc oxide (ZnO)) that we high scale organized in macroscopic fibers. For this project,
we used the general “nano-manufacturing” concept based on integrative chemistry for the
synthesis of ZnO/ polyvinyl alcohol (PVA) macroscopic fibers.! Here, thanks to the alignment of
the ZnO nanorods, obtained by the post-synthesis stretching of the composite fiber, we obtained a
synergy between the ZnO nanorods inside the macroscopic fiber. This synergy was responsible
for the enhancement of the fibers mechanical properties. Also, we demonstrated that the

alignment of a whole population of ZnO along the fibers main axis was responsible for an
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anisotropic photoluminescence behavior of the macroscopic fiber both in adsorption and
emission. Until now, the only macroscopic structures bearing anisotropic photoluminescence
properties existing are synthesized through more complex techniques, such as Chemical Vapor
Deposition, for the formation of films composed of ZnO nanorods perpendicular to the substrate.
The advantages of the process developed here are its low cost and the easy handling of these
fibers after their synthesis. For example, we can imagine obtaining photoluminescent
macroscopic films by weaving the fibers like an artificial grass. Also, thanks to their easy
handling, the creation of new designs for switching devices can be investigated.

In a second project (third and fourth chapters), we introduced a new level of interaction,
where the materials composing the fiber interacted with its environment (polluted air flux).

In the third chapter, we reported then the synthesis of titanium dioxide (TiO,) macroscopic
fibers bearing a hierarchical porosity, through an integrative multi-scale approach. First, we
tested several syntheses of nanoparticles, one synthesis giving anisotropic TiO, nanoparticles,
and two others giving isotropic particles where the surfactant used for the synthesis was changed.
The type of surfactant used for the synthesis of the isotropic particles did not have any influence
on the photocatalytic properties of the fibers. The only difference between the fibers generated
using anisotropic or isotropic particles was the higher mineralization rate of the fibers containing
anisotropic particles. However, as the structural parameters of the fibers were also different
(surface roughness), it was difficult to conclude on the better mineralization of the anisotropic
nanoparticles compared to the isotropic ones. On another hand, for the fibers generated with the
isotropic particles, we studied the influence of their structural parameters on their photocatalytic
properties, the structural parameters being adjusted by varying the formulation.” From these
results, we demonstrated that the fibers presenting the highest surface roughness along with the
smallest diameters gave the highest photocatalytic performances. Even though the performances
could not compared with the commercial product (10 times less efficient than the commercial
product), the main goal of this study was to explore how new synthetic paths — investigated in the
third chapter — can help to improve the photocatalytic properties through a “knowledge-based
design of functional materials” method, as defined by W. Jaegermann (TUD, Germany, personal
communication) instead of a pure trial-and-error one. From this study, we learned that the
proportion of TiO, compared to the PVA has to be limited to allow the generation of roughness

and a reduction of the fiber diameter which appeared to be the two most important parameters in
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this study. As we could not conclude properly on the influence of the nanoparticles shape with
this study, we decided to use isotropic particles for the improvement of the process as they are
easier to synthesize.

With the clear identification of the meaningful parameters for photocatalysis application, we
decided to investigate how to improve the processing methods for the generation of catalytic
fibers, in order to increase the photocatalytic performances (Chapter 4). The first objective was to
modify overall the fiber hierarchical shape by reducing their diameter, increasing the surface
roughness and modifying their topology by inserting new macroscopic voids within the fiber
structure. We decided then to investigate a new manufacturing protocol which involved a
spinneret twice smaller than the one used in the previous study, and the addition of polymer
beads inside the starting solution, in order to enhance both surface interaction and porosity. From
this study, we showed that apart from the surface roughness and the fibers diameter, the surface
topology is also of importance for enhancing the fibers photocatalytic properties. Despite a
multiplication of the photocatalytic efficiency by 4, the fibers were still three times less efficient
than the commercial product.

From these results, the next objective was to improve again the fibers efficiency while
scaling up the spinning process. For this purpose, we adapted a semi-industrial process, which
were already used for the synthesis of Carbon nanotubes/PVA fibers,’ this process allowing
reducing again the fibers diameter. We first demonstrated that it was possible to generate fibers
of several hundred meters long continuously presenting a diameter 3 to 4 times lower that the
ones generated in the first part of the Chapter 4. More importantly, these new fibers presented
photocatalytic properties similar to the commercial product (Quartzel PCO from Saint-Gobain).
Moreover, compared to the commercial product our fibers present the advantage to be
exclusively composed of TiO,, and are not supported by other media. However, as their
mechanical resistance is quite low and that they are active only using Ultra-Violet (UV) light, it
would be interesting to modify their composition to solve both problems. Also, the weaving of
the fibers could solve the mechanical resistance problem.

The last step, which had from starting idea the multiscale integration of nanostructured
functional materials within devices, was presented in the last chapter. This study was focused on
the synthesis of polypyrrole (PPy) as it can be used both as electrolyte and as electrode. PPy was

synthesized using Swollen Liquid Crystals (SLCs) as a nanoreactor used for the chemical
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polymerization of pyrrole.* First, the phase diagram of the SLCs was drawn, and it was
concluded that the best candidate to perform the synthesis of PPy nanosheets was the sponge
phase due to its bi-layer structure, its low viscosity, and its wide range of stability. Preliminary
results showed that the pre-polymerization degree of the Pyrrole prior the catalyst insertion has
an impact on the final PPy morphology. A more detailed analysis should be conducted to find the
best pre-polymerization degree for the synthesis of PPy nanosheets. It could be interesting to test
different techniques to obtain smooth thin films and to test them for their electrical properties.
Also, in order to improve these properties, the PPy could be doped with carbon nanotubes.
Finally, these films could be tested in DSSCs to compare their performances compared to the
literature, and also in a new type of DSSCs where the liquid electrolyte could be replaced the PPy
synthesized in this study.

Overall, this PhD project showed how the material architecture can influence its properties
and more especially how it could induce an interaction either between the components of a same
material, or between the material and its environment. In this project we have been attached to
work on materials for sensing, air depollution, and flexible electrodes (photovoltaic) applications,
which are all responding to an increasing economic, environmental and societal demand. In this
context, we demonstrated how the Integrative Chemistry concept, which aims to bring together

the tools from different disciplines, fosters the rational design of advanced functional materials.
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