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Abstract

Composites are a class of materials characterized by the simultaneous presence of

two or more components, which, when properly combined, lead to a new product.

As the different constituents can be selected so to meet specific needs, the range of

possible applications of these materials is practically infinite. These include rein-

forcing structures for high-impact strength, lightweight and flexible components,

and insulating materials, just to mention a few. However, the synthesis of func-

tional composites is far from being straightforward. To target these applications,

indeed, the materials have to be carefully chosen, specifically engineered and tai-

lored designed. A variety of composite materials employs a polymer as one of the

constituents. This is because of the versatility of this class of components, which

may have positive/negative charge, soft/hard surfaces, brittle/elastic properties,

hydrophobic/hydrophilic nature, etc.

This work starts from the synthesis of targeted polymeric dispersions to under-

stand the aggregation phenomena occurring when polymers are subjected to in-

tense shear during their processing. In particular, polystyrene-based nanoparticles

are prepared and used as model system to study the kinetics of aggregation into a

microchannel and to investigate the role of the physical and chemical properties of

the particle surface in aggregation/breakage experiments under shear. More specif-

ically, the aim of this first project is to elucidate the effect of the residence time

into a microchannel (i.e., the time during which the particles are subjected to in-
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tense shear) on the conversion of the primary particles to clusters, the average size

and compactness of the formed aggregates. In the second part of these fundamen-

tal studies, shear-induced aggregation experiments of polymer colloidal particles

have been devised with the specific objective of highlighting material transfer and

clarifying the role of the softness of the particle surface. To achieve this goal, poly-

mer particles with a core-shell structure comprising fluorescent groups have been

prepared so that the surface softness could be tuned by the addition of monomer

acting as a plasticizer and the percentage of fluorescent particles could be recorded

over time via confocal microscopy to detect possible material transfer among dif-

ferent particles. For the first time, material exchange occurring on the soft surface

of core-shell polymer microparticles upon aggregation under shear was observed

and proved.

Following these fundamental studies, this thesis focuses on the synthesis of a com-

posite material made from a polymer (PVdF-HFP), a functional filler (silica), and

an ionic liquid (Pyr13TFSI) to be assembled as a separator for lithium-ion batter-

ies (LIBs). Indeed, LIBs are the key for modern electricity-based transportation

systems and more generally for sustainable large-scale energy applications. How-

ever, typical commercial batteries seldom meet safety regulations because of the

presence of organic, flammable, and volatile liquid electrolytes, and viable alter-

natives need to be found. Ionic liquids (ILs) are considered to be one of the most

promising candidates, because of their low flammability, negligible vapor pressure,

and low toxicity. However, the process to form freestanding IL-based separators is

not straightforward. Therefore, in the first part of this project, a new methodology

to form these membranes is presented and optimized, starting from the production

of polymer clusters with a microchannel. In the second part, the performances of

the IL-based separator are enhanced through a precise and controlled addition

of the silica nanoparticles into the polymer matrix at the nanoscale level, which
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contribute to increase the ionic conductivity of the membrane. The resulting elec-

trochemical performances of the battery assembled with these separators were

excellent not only at low but also at high current densities.

In the last part of the thesis, a composite material is prepared to improve the

crack-resistance properties of existing commercial construction materials. In par-

ticular, redispersible powders based on soft core-hard shell polymer particles of

styrene/2-ethylhexyl acrylate are prepared as additives for cement mortars. Dif-

ferent polymer latexes at high solid content with varied core-shell ratio, shell thick-

ness and chemical composition (hardness) were prepared via semi-batch emulsion

polymerization and spray dried to identify the optimal particle design which guar-

antees both good spray-ability and enhanced crack-bridging properties.

III





Sommario

I compositi sono una classe di materiali caratterizzati dalla presenza simultanea

di due o più componenti che, se opportunamente combinati, danno luogo ad un

nuovo prodotto. Poiché i diversi componenti possono essere selezionati in base alle

specifiche esigenze, la gamma di applicazioni possibili di questi materiali è prati-

camente infinita. Si tratta, ad esempio, di strutture di rinforzo ad alta resistenza

agli urti, di componenti leggeri e flessibili, di materiali isolanti, solo per citarne

alcuni. Tuttavia, la sintesi dei questi compositi funzionali è tutt’altro che semplice.

Per essere impiegati, infatti, i materiali devono essere scelti con cura, apposita-

mente disegnati e progettati su misura. Un numero sempre crescente di materiali

compositi impiega un polimero come uno dei costituenti principali. Questa scelta

è dovuta alla versatilità di questa classe di componenti, che possono avere carica

positiva/negativa, superfici morbide/dure, proprietà fragili/elastiche, natura idro-

fobica/idrofila, ecc.

Questa tesi inizia dalla sintesi mirata di dispersioni polimeriche per comprendere

i fenomeni di aggregazione che si verificano quando i polimeri sono sottoposti a

sforzo intenso durante la loro lavorazione. In particolare, le nanoparticelle a base

di polistirene vengono preparate e utilizzate come sistema modello per studiare la

cinetica dell’aggregazione in microcanali e il ruolo delle proprietà fisiche e chimiche

della superficie delle particelle in esperimenti di aggregazione/rottura sotto sforzo.

Più precisamente, lo scopo di questo primo progetto è quello di chiarire l’effetto
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del tempo di permanenza in un microcanale (ossia il tempo in cui le particelle

sono soggette ad un intenso sforzo di taglio) sulla conversione delle particelle pri-

marie in aggregati, e sulla loro dimensione media e compattezza. Nella seconda

parte di questo studio fondamentale, sono stati eseguiti esperimenti di aggrega-

zione indotta da sforzi di taglio di particelle polimeriche colloidali, con l’obiettivo

specifico di evidenziare il trasferimento di materia e chiarire il ruolo della morbi-

dezza della superficie della particella. Per raggiungere questo obiettivo, sono state

preparate particelle polimeriche con una struttura a guscio che comprende gruppi

fluorescenti in modo che la morbidezza superficiale possa essere regolata dall’ag-

giunta di monomero, che funge da plastificante, e che la percentuale di particelle

fluorescenti possa essere registrata nel tempo attraverso microscopia confocale, per

rilevare possibili trasferimenti di materiale tra le diverse particelle. Per la prima

volta, è stato osservato e dimostrato lo scambio di materia tra la superficie mor-

bida di microparticelle polimeriche con struttura a guscio durante l’aggregazione

sotto sforzo.

A seguito di questi studi di base, questa tesi si concentra sulla sintesi di un mate-

riale composito costituito da un polimero (PVdF-HFP), un filler funzionale (silice)

e un liquido ionico (Pyr13TFSI) da assemblare come separatore per batterie agli

ioni di litio (BIL). Le BIL sono infatti la chiave per i moderni sistemi elettrici di

trasporto e, più in generale, per applicazioni energetiche sostenibili di massa. Tut-

tavia, le tipiche batterie commerciali raramente soddisfano le norme di sicurezza a

causa della presenza di elettroliti liquidi organici, che sono infiammabili e volatili,

e per questo motivo è necessario trovare valide alternative. I liquidi ionici (LI)

sono considerati uno dei candidati più promettenti, grazie alla loro bassa infiam-

mabilità, una pressione di vapore trascurabile e una bassa tossicità. Tuttavia, il

processo di formazione di separatori basati su LI non è semplice. Pertanto, nella

prima parte di questo progetto viene presentato e ottimizzato un nuovo metodo
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per la formazione di queste membrane, a partire dalla produzione di aggregati di

polimero prodotti attraverso un microcanale. Nella seconda parte, le prestazioni

del separatore a base di LI sono migliorate attraverso una precisa e controllata

aggiunta delle nanoparticelle di silice nella matrice polimerica a livello di nanosca-

la, le quali contribuiscono ad aumentare la conducibilità ionica della membrana.

Le prestazioni elettrochimiche della batteria assemblata con questi separatori sono

risultate eccellenti non solo a bassa ma anche ad alta densità di corrente.

Nell’ultima parte della tesi viene preparato un materiale composito per migliorare

le proprietà di resistenza alla frattura dei materiali da costruzione commerciali

esistenti. In particolare, sono state preparate polveri ridispersibili a base di parti-

celle polimeriche a guscio morbido e duro prodotte a partire da stirene e 2-etilesil

acrilato, come additivi per malte cementizie. Sono stati sintetizzati diversi latti-

ci polimerici ad alto contenuto solido con diversi rapporti nucleo-guscio, spessore

e composizione chimica (durezza) del guscio, attraverso polimerizzazione semi-

continua in emulsione. I lattici ottenuti sono stati seccati mediante atomizzazione

per identificare la morfologia ottimale delle particelle in grado di garantire sia una

buona polvere risultante sia ottime proprietà di resistenza alla frattura.
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CHAPTER 1. INTRODUCTION

1.1 Colloids: definition and properties

A colloid is defined as a heterogeneous mixture of two or more substances, in

which one component is uniformly dispersed and suspended throughout the other

phases at the nanoscale level. As the average size of colloidal particles typically

ranges from 1 nm to 1 µm, these dispersions exhibit peculiar physical and chemical

properties, [1, 2] which find applications in very diverse sectors, including plastics

production, photovoltaics and medical uses. [3–8] As it is not possible to overcome

the principles of thermodynamics, any colloidal dispersion eventually coagulates

and turns into a bulk phase. However, if the nanoparticles possess strong enough

repulsive forces, which limit aggregation, these systems can remain dispersed even

for years. A colloid can therefore be defined as a kinetically stable suspension.

The forces acting among colloidal nanoparticles can be divided in van der

Waals, Born and electrostatic contributions. The first ones are attractive, strong

and occurring at short-range and the numerical expression for the potential energy

of attraction under limiting conditions has been derived by Hamaker [9] starting

from the general expression:

VA = −αPa
2
0e

2

(4πε0)2

∫
V1

∫
V2

dV1dV2
r6

(1.1)

where a0 is the Bohr radius, e is the electron charge, αP is the polarizability of the

second atom, ε is the vacuum dielectric permeability, and r is the distance. The

electrostatic forces, on the other hand, are long-range and repulsive and, in the

literature, there are various relations to describe the potential energy of repulsion,

depending on the assumptions taken. For example:

VR =
32n0kBT

κ
z2[1− tanh(0.5κr)] (1.2)
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1.1. COLLOIDS: DEFINITION AND PROPERTIES

where n0 is the number concentration of ions in bulk, kB is the Boltzmann con-

stant, T is the temperature, κ is the inverse of the thickness of the electrical double

layer, z is the valence of the ion and r is the distance between the particles.

Born forces originate from the fact that atoms have a finite size and cannot inter-

penetrate each other and therefore repulsive electron-electron and nucleus-nucleus

interactions occur at very short-range. The contribution of all these forces was

described by Derjaguin and Landau [10] as well as by Verwey and Overbeek [11]

in the so-called, after their initials, DLVO theory. According to it, the total inter-

action potential (VT ) acting on two approaching nanoparticles can be evaluated

as the sum of the repulsive and attractive contributions acting among them, as

reported in Figure 1.1.

As it is evident from the DLVO diagram, the interaction potential presents a deep

energetic well corresponding to aggregated species and a maximum, which rep-

resents the energy barrier that the particle has to overcome to aggregate. The

stronger the repulsive forces, the higher the maximum, and the lower the fraction

of collisions leading to aggregation. [12] The energy barrier can be overcome ei-

ther by increasing the kinetic energy of the system (e.g., by stirring or applying

high shear) or by decreasing its magnitude through the addition of an electrolyte

(e.g., LiCl, MgCl2 and AlCl3), which screens the repulsive forces and compresses

the electrical double layer. [13] In this case, if the energy barrier is reduced to

a certain level, Brownian motion allows the particles to overcome it, leading to

effective aggregation during collision. It is also worth reporting that an impor-

tant parameter governing the addition of an electrolyte is the critical coagulation

concentration (ccc), which represents the minimum concentration of salt leading

to a zero energy barrier. The latter differentiates the two limiting situations of

aggregation: DLCA and RLCA. The former indicates the Diffusion Limited Clus-

ter Aggregation, where no repulsive energy barrier exists and the rate of particle
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CHAPTER 1. INTRODUCTION

aggregation is entirely controlled by Brownian motion. RLCA, on the other hand,

identifies the situation where a repulsive energy barrier is present and the aggre-

gation becomes controlled by the inter-particle potential. This situation is thus

defined as Reaction Limited Cluster Aggregation.

Figure 1.1: Total interaction potential acting among two approaching nanoparticles,
according to DLVO theory. VA = Potential energy of attraction (green
dashed line), VR = Potential energy of repulsion (blue dashed line), and
VB = Contribution of Born forces (red dashed line).

The main difference between these two regimes is the rate of aggregation. While

in DLCA each collision leads to the formation of a cluster, in RLCA only a fraction

of them is effective and in the remaining cases the repulsive forces prevail and the
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1.1. COLLOIDS: DEFINITION AND PROPERTIES

barrier cannot be overcome. The parameter taking into account the difference of

the two rates is the so-called Fuchs stability ratio, W, defined as: [14]

W =
βDLCA

βRLCA

= 2a

∫ ∞
2a

exp

(
VT
kT

)
dr

r2
(1.3)

where a is the radius of the particle and r is the generic distance.

As it is evident from Equation 1.3, the Fuchs stability ratio is proportional to the

interaction potential. The higher the value of the energy barrier, the higher W, and

the slower the aggregation rate in RLCA conditions. Another consequence of the

different regimes is the structure of the formed clusters, and in particular their mor-

phology, which can be expressed using the concept of fractal dimension (df ). The

latter gives an indication of the compactness of a cluster and its value ranges from

1 (linear alignment) to 3 (fully coalesced spheres). The typical values observed

for DLCA and RLCA are in the range of 1.7-1.9 and 2.0-2.2, respectively. [15]

The clusters obtained in RLCA regime are more compact as a consequence of the

fact that only a fraction of the collisions between the particles leads to aggregation.

Shear-induced aggregation identifies the situation in which the aggregation pro-

cess is merely driven by the velocity gradient induced, for instance, by forcing the

latex to pass through a microchannel. More aptly, a colloidal suspension that is

stable in stagnant conditions due to charge stabilization can aggregate when high

shear flow is imposed, without electrolyte addition. [16–18] Moreover, in shear-

induced aggregation cluster breakage plays a crucial role. De facto, the imposed

high shear is not only capable of accelerating the rate of aggregation, but also

to break the clusters. [19] Furthermore, cluster rearrangements may occur, driven

by the minimization of the curved interfacial area of the primary particles in the

aggregate, leading to more compact structures. [20,21] The main advantage of the

aggregation under high shear is that it does not entail the addition of an electrolyte
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to destabilize the system. The latter, in fact, is often difficult to be completely

removed and may affect the purity as well as lead to changes in the electronic, me-

chanical and optical properties of the final polymer. [22] Moreover, shear-induced

aggregation allows a continuous process and is particularly suitable to scale-up

for industrial productions. [12] However, when additional non-DLVO interactions

(e.g., strongly repulsive, short-range hydration, and steric forces) become relevant,

shear-induced aggregation may not be feasible. [23–25]

Regardless of the different aggregation methods implemented, it is well-accepted

that colloidal aggregates present self-similarity properties, obeying the fractal ge-

ometry. [26] This means that the cluster mass scales with its size with a power-law

correlation and independently from the length scale analyzed. The scaling ex-

ponent known as Hausdorff dimension is the df of the cluster and the equation

describing this relation is given by: [15, 27–29]

i = kf

(
Rg

a

)df

(1.4)

where:

• i is the mass (i.e., number of particles) of the cluster;

• Rg is the radius of gyration of the cluster;

• a is the radius of the primary particle;

• kf is the scaling prefactor which correlates with df according to:

kf = 4.46d−2.08f (1.5)
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1.2 Polymer latexes: synthesis and applications

Polymers are materials made of repeated sub-units, monomers, which exhibit a

large range of different properties and have various applications. Their mechani-

cal, physical and chemical characteristics can be tailored to meet the specific needs

by varying for example the type of the constituents, the chain lengths (which is

proportional to the molecular weight) and the architecture of the polymer. The

synthesis mechanism of these materials can be divided into step and chain poly-

merization. The former involves the formation of a high-molecular-weight polymer

after many individual reactions between at least bifunctional monomers, whereas

the latter rely on an initiator, which react with the active center located on the

monomer to progressively add single units to the growing chain. [30] These two

opposite mechanisms are schematically represented in Figure 1.2.

Figure 1.2: Scheme of step (left) and chain (right) polymerization.

Free-radical polymerization is often used to produce polymers via chain-growth

mechanism. This reaction can be divided in four main steps, namely initiation,

propagation, chain transfer, and termination. The first one involves the formation

of free radicals when an initiator is decomposed chemically, thermally or by radi-

ations. These radicals promptly react with the polymerizable unsaturated bond

present on the monomer species to form the so-called active chains, which can
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further react during the propagation phase. This step is characterized by the con-

tinuous addition of monomeric units into the growing side of the polymer chains,

until eventually termination occurs. This phase arrests the growth of the molecule

to form a dead chain, which will not further react. The chain transfer step in-

volves the shift of a radical to another species, being it a monomer, a polymer or

a transfer agent.

Emulsion polymerization is the most common technique to produce polymers

starting from water, monomer, initiator and stabilizer. The peculiarity of this

process is that the initiator is hydrophilic and therefore is solubilized in the wa-

ter phase and not in the organic phase, as in suspension polymerization. As a

consequence, the reaction starts in water, in which a small amount of monomer

is dissolved. Nevertheless, as soon as the polymer chain forms, owing to its hy-

drophobic nature, a phase separation occurs and the formation of a polymer phase

stabilized by the emulsifier is observed. The polymerization continues mainly

within the newly formed polymer phase, leading to a final size of the particles

ranging from 50 nm to 1 µm. Due to the limited diameter of the formed nanopar-

ticles and therefore their high specific surface area, heat removal from the system

is extremely efficient. This aspect guarantees the achievement of enhanced pro-

ductivity and high polymerization rate, simultaneously. Moreover, the limited size

of the particles affects also the molecular weight of the final polymer, due to the

so-called “segregation effect”. [31] Finally, the possibility of using water makes it

the method of choice for most of the products formulations, especially with the

recent environmental concerns related to the possible release of volatile organic

compounds (VOCs) during application. [31] The colloidal dispersion of polymer

nanoparticles obtained by emulsion polymerization in water is defined as latex.

The latter is kept stable in time by the action of the emulsifier, which prevents
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the polymer particles to coagulate either by carrying a net charge on them, thus

making the nanoparticles repel each other, or by sterically avoiding their contact.

Latexes have various applications, including paints and coatings, adhesives, paper

and textile industries, construction materials. [32–35]

To meet the specific application needs, often multiple monomers are polymer-

ized together to form a so-called copolymer. The latter, indeed, allows for tuning

the material properties such as the crystallinity, the glass transition temperature,

as well as the mechanical behavior, by varying the content of each monomer.

Styrene, for example, is a brittle material when used as a homopolymer. However,

if copolymerized with butadiene, the impact resistance of the resulting copolymer

can be significantly increased. [36]

Copolymers can be produced using various methods resulting in different struc-

tures. A random copolymer has the different monomeric units distributed ran-

domly, while an alternating one has alternating monomeric units in equimolar

amounts. Block copolymers have uninterrupted linear sequences of the same units,

whereas graft polymers consist of a backbone of one monomer to which one or more

side chains of the other unit are attached, which results in nonlinear chains. The

different possible structures are sketched in Figure 1.3.

Figure 1.3: Schematic representation of random (top left), alternating (center left),
block (bottom left), and nonlinear graft (right) copolymers.

Depending on the synthesis technique, the feed composition as well as the
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relative reactivity of the monomers, the structures reported in Figure 1.3 can be

obtained. A block copolymer comprises two or more homopolymer subunits linked

by covalent bonds and it can be synthesized with specific operating conditions. A

random structure is obtained when both monomers are simultaneously present in

the reactor, whereas a graft copolymer requires special synthesis techniques.

1.3 Composite materials

Composites are materials made of multiple components which are classified as

matrices and reinforcements, with different chemical and physical properties, which

when combined form a new type of product with better overall performance. Wood

and bones are examples of natural composites which exist in nature. The first

one is made of lignin, the matrix, reinforced by cellulose fibers and the second

one consists of a hard but brittle material (i.e., hydroxyapatite) together with a

soft and flexible material (i.e., collagen). Since the early 1960s, there has been

an increasing demand for materials with specific requirements which cannot be

obtained with the use of a single constituent. As an example, for constructions

and aviation there is the need of materials which are stiff and strong, while at

the same time being light and flexible. Other application of composites include

automotive, energy, infrastructures, sports and biomedical. [37–40]

Beside the properties of the constituents, the ratio between the matrix and the

reinforcement as well as the geometry and orientation of the adjuvant are critical.

This last aspect, in particular, is of utmost importance. For some applications,

the reinforcing material has to be uniformly and homogeneously dispersed into

the matrix at the smallest possible scale to maximize its effects (e.g., for electronic

applications), whereas in others it has to be continuously oriented in a specific

direction (e.g., reinforced concrete). [41]
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1.4 Scope of the thesis

The aim of this thesis is to design and produce functional composite materials in

which one of the constituents is a polymer. These include separators for lithium-

ion batteries based on ionic liquids as well as construction materials with enhanced

crack-bridging properties.

The thesis comprises an introduction to the world of colloids, including their

definition, peculiar properties and stability, as well as to polymer latexes, applica-

tions and production strategies. After the introductory section, this work contains

five main chapters dealing both with fundamental studies on the understanding of

the aggregation phenomena occurring at a colloidal level, which provide the bases

for the subsequent chapters involving the synthesis and development of innovative

materials.

Chapter 2 deals with the understanding of the shear-driven aggregation kinetic

of a polymer colloidal dispersion processed into a microchannel. In particular, a

new, previously unobserved phenomenon related to bi-particle collision and the

targeted experiments accomplished to verify the hypotheses are presented.

In chapter 3, a colloidal polymer latex is aggregated in shear-controlled regime

to observe for the first time mass transfer between two colliding particles. To cap-

ture this, two differently labeled polymer dispersions were prepared and monitored

through light scattering and fluorescence microscopy during aggregation.

Chapter 4 describes a new and versatile process to produce separators based on

ionic liquids for lithium-ion batteries for high power applications, such as electric

vehicles and smart grids. A polymer dispersion is aggregated to produce fractal
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clusters which are then impregnated with the electrolyte and hot-pressed to form a

homogeneous, transparent, and thin membranes. In chapter 5, the process and the

battery performance are improved and optimized though addition of nanofillers to

form composite clusters and the resulting separators show higher values of ionic

conductivity and greater mechanical properties with respect to the state of the art

commercial materials.

Chapter 6 presents a systematic study of the soft core-hard shell particle mor-

phology on the production of redispersible polymer powders and on the crack-

bridging properties of the cement-based membranes obtained from them. More

aptly, different polymer latexes at high solid content with varied core-shell ratio,

shell thickness and hardness were prepared from monomers via semi-batch emul-

sion polymerization and characterized in terms of size, composition, and softness

(i.e., glass transition temperature) to identify the optimal design of the polymer

nanoparticles.

In the last chapter of this thesis, the most relevant results are carefully sum-

marized and the outlook of these projects is thoroughly discussed, including some

suggestions for future research.
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Chapter 2

Aggregation of Stable Colloidal

Dispersions under Short

High-Shear Conditions

This chapter is based on the following publication: J. Lu, S. Caimi, P. Erfle, B. Wu, A.

Cingolani, Y. Luo, A. Dietzel, P. Luo, H. Wu, M. Morbidelli, Aggregation of Stable Colloidal

Dispersions under Short High-Shear Conditions, in preparation.
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CHAPTER 2. KINETICS OF AGGREGATION IN MICROCHANNELS

Shear-driven aggregation of colloidal particles is a process similar to a bimolec-

ular chemical reaction, resulting also from collisions among the particles. The cor-

responding rate expression, derived based on the convective diffusion (two-body

Smoluchowski) equation, has the following form: [42,43]

k ∼ k0exp

(
−Umax

kBT

)
(2.1)

with

k0 ∼

√
3παµγ̇a3 − U ′′

max

kBT
exp

(
6παµγ̇a3

kBT

)
(2.2)

where kB is Boltzmann’s constant, Umax is the colloidal interaction energy bar-

rier (thus, U
′′
max <0 ), µ is the viscosity of the solvent, γ̇ is the shear rate, α is

a geometrical parameter, and a is the particle radius. It is therefore clear from

Equation 2.1 that for shear-driven aggregation, the particles should possess enough

energy to overcome the energy barrier, so as for the reaction between two particles

to occur.

On the other hand, our recent experimental results on the shear-driven aggrega-

tion reveal a behavior that has never been observed in a bimolecular aggregation

process. We studied the shear-driven aggregation kinetics of PS (polystyrene) and

PVdF (polyvinylidene fluoride) nanoparticles (NPs), respectively, by forcing the

NP dispersions to repeatedly pass through a Z-shape microchannel (Z-MC) of a

rectangular cross section with a length of 5.8·10−3 m and cross-sectional area of

5.26·10−8 m2 at a shear rate of γ̇ ∼ 106 s−1. [44, 45] It was expected that, as a

“bimolecular reaction” process, the aggregation kinetics should follow Equation

2.1, i.e., the conversion (χ) of the reactants (NPs) to the products (large clusters)

should increase as the pass number of the dispersion (i.e., the residence time) in

the Z-MC increases, till reaching a value close to unity. However, it is surprising

that the experimental results for both the PS and PVdF NPs did not follow Equa-
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tion 2.1. Indeed, it was observed that, as the pass number in the Z-MC increases,

the conversion of the NPs to the large clusters initially increases and then reaches

a plateau value that is far from complete conversion.

We have tried to consider various possibilities of additional processes occurring

under this intense shear. In particular, the observed phenomenon might be ex-

plained if erosion of the NPs from the surface of the large clusters in the turbulent

field would take place when they grow large enough. [46–48] This is similar to a

reverse reaction. As the conversion of the NPs to the large clusters increases, the

erosion rate increases and eventually an equilibrium between erosion and aggre-

gation is reached. Thus, the net conversion of the NPs to the large clusters does

not further increase. However, such an equilibrium mechanism between erosion

and aggregation has been excluded through the following ad-hoc designed exper-

iment. We have prepared a NP dispersion at the same particle volume fraction

(φ) as the remaining one after the conversion reached the plateau. Now, since the

large clusters are absent, the possibility of the erosion process is excluded, and we

would expect that a net conversion of the NPs to the large clusters should occur

when the prepared NP dispersion passes repeatedly through the Z-MC. However,

the experiments showed that no visible conversion of the NPs to the large clusters

took place. Thus, the plateau conversion of the NPs to the large clusters does not

result from the equilibrium between erosion and aggregation, or, in other words,

the erosion process is insignificant in our systems.

The result of this experiment suggests the existence of a minimum time required

for the aggregation to occur, with respect to the limited residence time of the

dispersion in the Z-MC for each pass. To better describe such a minimum time

problem, let us consider the colloidal interaction potential between two NPs, 1 and

2, illustrated in Figure 2.1a. Before the intense shear force is introduced, statis-

tically, there is an average distance between the two neighbor NPs, 1 and 2, at
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rest. It should be mentioned that in the case of PVdF NP dispersions studied pre-

viously, [45] the original latex was cleaned by adding ion-exchange resins (Dowex

MR-3, Sigma-Aldrich) to completely remove all removable electrolytes such that

the surface tension of the NP dispersion measured at φ = 0.5% was close to that

of deionized water. In this case, due to the extremely low ionic strength, the elec-

trostatic repulsion becomes substantially long-range such that the NPs can feel

strong repulsion from their neighbors. In fact, at large φ values, the NP disper-

sions become solid-like, with possible diffraction patterns. [49] This indicates that

all the NPs are constrained in their specific location and cannot diffuse freely, lead-

ing to formation of colloidal crystals. Thus, for illustrative purpose, in this case

we can consider that NP 2 is initially located somewhere on the repulsion peak,

as illustrated in Figure 2.1a. When the NP dispersion is forced to pass through

the Z-MC under the intense shear, part of the NPs may receive enough energy to

overcome the interaction barrier (Umax), thus converted to large clusters. After

the first pass, the second one, the third one, etc., can proceed. Thus, the con-

version (χ) will increase as the pass number increases. On the other hand, as the

conversion to large clusters increases, the volume fraction of the remaining free

NPs, φ, decreases, and consequently, the average distance between two neighbor

free NPs, 1 and 2, changes. As an example, we have estimated the average distance

between two neighbor free NPs under stagnant conditions (Dss) as a function of

the conversion (χ) at various values of the mass fractal dimension of the clusters

(df ), as reported in Figure 2.1b. Details about the Dss estimation can be found in

the Appendix, Section 8.1.4. It is seen that for df ≥ 2.3, the Dss value increases

as χ increases. Since the df value of the large clusters formed under intense shear

has been well-documented to be df ≥2.4, [44, 45, 50] one would expect that NP 2

in Figure 2.1a moves following the green arrow. Thus, the time needed for NP 2 to

overcome Umax, i.e., the aggregation time, increases as χ increases. If the required
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aggregation time becomes larger than the residence time of the dispersion in the

MC, no aggregation takes place. One may argue that if the residence time for one

pass is smaller than the aggregation time, we can increase the residence time by

letting the dispersion pass the Z-MC two, three or more times. In reality, this is

not the case, because for a given residence time of one pass, if the intense shear

may drive NP 2 to a position close to NP 1 but still unable to overcome Umax,

due to the disappearance of the intense shear after having passed through the

Z-MC, NP 2 would come back to the original position at rest, as if nothing had

happened. Thus, when the second pass starts, the intense shear has to move NP 2

again from its original position. Therefore, under such a situation, no matter how

many passes, no aggregation takes place, which explains the observed plateau in

the conversion value.

It should be mentioned that the scenario discussed above depends strongly on the

compactness of the clusters (i.e., the df value). As shown in Figure 2.1b, when df

≤ 2.2, the Dss value decreases as χ increases. This arises because in this case the

large clusters due to very open morphology, typical of those formed under stagnant

conditions, occupy substantially larger space, leading to the available space for the

free NPs decreasing sharply with χ. This ends up with the formation of a gel with

complete conversion of the primary particles.

To verify the above speculated mechanism, we have designed the shear-driven ag-

gregation process by using two Z-MCs of different lengths, i.e., having two different

values of the residence time for the dispersion in the Z-MCs. In this way, if the

residence time is the essential factor leading to the limited conversion, we would

have a larger conversion in the longer Z-MC. To reduce the change in the fluid

dynamics in the Z-MCs to the minimum, we have designed the two Z-MCs in such

a way that the first one is a single Z-MC (SZ-MC), while the second one is a double

Z-MC (DZ-MC), which is like two SZ-MCs linked together. Detailed dimensions
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of the two MCs are given in Figure 2.2a. It should be pointed out that, based on

the design in Figure 2.2a, the DZ-MC has basically the same pressure drops at

the inlet and outlet as the SZ-MC does, instead of double. For this reason, for a

given mean velocity (vm) of water, the specific pressure drop (P/L) in the DZ-MC

is slightly smaller than that in the SZ-MC, as both measured experimentally and

predicted by CFD simulations in Figure 2.2b. In any case, the vm versus P/L

curves in Figure 2.2b are basically all parallel, following a power-law with a slope

of about 0.57. Thus, the fluid dynamic characteristics in SZ-MC and DZ-MC are

the same, typical of turbulent flow. [17,51]

Microfluidic systems made from glass materials have recently been demonstrated

to be very useful for studying emulsification and nanoparticle generation pro-

cesses. [52, 53] The glass material not only provides an inert environment and

allows optical observation of processes that take place inside the microchannels,

they can also be closed by thermal bonding which leads to a very stable connec-

tion and allows to operate these microfluidic systems under high pressures. Both

systems used here, the SZ-MC and the DZ-MC, are micro fabricated from glass,

and the manufacturing details are given in the Appendix, Section 8.1.2. For the

shear-driven aggregation, the SZ-MC and the DZ-MC were carefully assembled

inside a stainless steel holder as shown in Figure 2.2c, and the experimental setup

is schematically shown in Figure 2.2d. The NP dispersion at a given initial φ

value was loaded in the container and pumped at a defined mean velocity (vm)

through the SZ-MC or DZ-MC. After each pass, we analysed the conversion of the

NPs to large clusters, χ, and the gyration radius and mass fractal dimension of

the clusters, Rg and df . The details on the applied techniques to measure these

parameters are given in the Appendix, Section 8.1.3.

Polystyrene (PS) NPs with an average radius, a = 39 nm, were synthesized in

our lab and used in this work, following the procedure reported in the Appendix,
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Section 8.1.1. Before the experiments, all the removable electrolytes were cleaned

using an ion-exchange resin (Dowex Marathon MR-3, Sigma-Aldrich), as detailed

in our previous work. [50] Then, the NP dispersion was diluted with pure water

to a volume fraction of φ = 0.01, which was used in all the following experiments.

The shear-driven aggregation of the PS NPs in the SZ-MC and DZ-MC was carried

out at three different mean velocities, vm = 40.3, 49.0 and 59.5 m s−1, respectively,

at which the corresponding mean shear rates estimated from the CFD simulations

are 2.43·105, 3.15·105 and 4.08·105 s−1, and the residence times for one pass are

14.9, 12.2 and 10.1 ms in the SZ-MC and 29.8, 24.5 and 20.2 ms in the DZ-MC,

respectively. The conversions of the NPs to large clusters, χ, from the SZ-MC and

DZ-MC are compared in Figure 2.3a, as a function of the cumulative residence

time (tr), i.e., the residence time of one pass multiplied by the number of passes.

The corresponding gyration radius (Rg) and mass fractal dimension (df ) are re-

ported in Figure 2.3b and 2.3c, respectively. It is clearly seen from Figure 2.3a

that at each given vm value, there are three stages. The first stage is the initial

induction stage, where the shear-driven aggregation is dominated by doublets and

very small clusters, while the conversion to large clusters, χ remains very small.

Such an induction stage reduces as vm (i.e., the shear rate) increases, as also pre-

viously observed. [44] The second stage corresponds to the fast increase of χ with

tr, where, due to the accumulation of substantial amount of doublets and small

clusters and the increase in the cluster size, i.e., a in Equation 2.2, the shear-driven

aggregation auto-accelerates, leading to fast formation of large clusters. The third

stage is characterized by the conversion plateau, as discussed above. For the first

and second stages, the conversion curves from the SZ-MC and DZ-MC completely

overlap, while for the third stage, they do not.

The overlapping in the first and second stages indicates that the aggregation time

between two NPs is much shorter than the residence time of one pass in the SZ-
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MC, such that the cumulative residence time is equivalent to the real residence

time. It should be further emphasized that here we consider the aggregation time

between two NPs to form a doublet because of the specific form of k0 (Equation

2.2), which increases exponentially with a3. Thus, once doublets and small clus-

ters are formed, due to such strong size effect, the small clusters can be quickly

converted to large clusters. In the plateau stage, the χ curves from the SZ-MC

and DZ-MC do not overlap anymore, and the plateau value of χ for the SZ-MC is

smaller than that for the DZ-MC. For example, at vm = 49.0 m s−1, the plateau

value is ∼66% for the SZ-MC, while it is ∼80% for the DZ-MC. The value of the

mass fractal dimension in the plateau region is constant, with the same value for

both the SZ-MC and DZ-MC, equal to df = 2.40, which is typical for clusters

formed through shear-driven aggregation of stable colloidal systems. [50] As dis-

cussed with reference to Figure 2.1b, at df = 2.40, the average distance between

two neighbour free NPs (Dss) increases as the conversion (or the cumulative resi-

dence time) increases. Therefore, when the average distance between two neighbor

free NPs increases above a certain value, the time needed for their shear-driven

aggregation to occur becomes larger than the residence time of the dispersion in

the microchannel. Such a situation occurs obviously at a larger χ value the longer

the microchannel is.

One may have observed that in Figure 2.3a, even though at each vm value, the

plateau χ value is larger for the DZ-MC than for the SZ-MC, when vm increases

from 49.0 to 59.5 m s−1, i.e., the shear rate increases from 3.15·105 to 4.08·105 s−1,

the plateau χ value for each microchannel (SZ-MC or DZ-MC) does not increase.

Note that this occurs only in the plateau stage, while in the first and second stages

the effect of the shear rate on the conversion is significant as it can be seen in Fig-

ure 2.3a. The first possible explanation for this observation is related to the effect

of vm (or γ̇) on both the residence time and the shear-driven aggregation time in
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the microchannel. Specifically, although a higher vm value leads to a larger shear

rate, thus a shorter time for NP 2 to overcome Umax, it also results in a shorter

residence time in the microchannel. Thus, the plateau conversion for each mi-

crochannel increases with the shear rate only up to a certain limited value. There

are other factors that may also contribute to this observation. For example, when

the mean velocity (vm) increases above a certain level, the turbulent characteristics

in such a small microchannel may change and become difficult to describe with the

same turbulent theory. [54,55] In addition, the gyration radius of the large clusters

is around 11 µm, as shown in Figure 2.3c. Since the width of the microchannel is

only 200 µm, i.e., the aspect ratio is only about 10, the presence of large amounts

of large clusters could alter the turbulent behavior within the microchannel.

Some comments are also due about the time evolution of the gyration radius of

the clusters, Rg, shown in Figure 2.3c. For both the SZ-MC and DZ-MC, the Rg

value increases quickly with tr after the first induction stage and reaches a local

maximum, and then the Rg value decreases gradually to a constant value. Such an

overshooting phenomenon has been previously reported, [44,56–58] and may result

from the different rates of formation and breakage of the large clusters, changes

in the surface properties, cluster restructuring, etc. It is interesting to have found

that the steady-state Rg value in the plateau regime is slightly smaller for the

DZ-MC (10.2 µm) than for the SZ-MC (11.3 µm). This result may indicate that

for the given system, the time scale for the breakage of a large cluster is smaller

than that for its formation. Thus, reducing the residence time of the dispersion in

the microchannel, i.e., using a shorter microchannel, affects more the formation

than the breakage of the clusters.

In summary, we have designed and carried out intense shear-driven aggregation

of stable PS NPs in two microchannels: one in the form of single Z (SZ-MC) and

another in the form of double Z (DZ-MC). These experiments show that when the
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high shear is applied for short interval of time, repeated over and over again, the

conversion increases up to a certain plateau which is well below full conversion.

At a fixed mean velocity inside the microchannel, such a plateau conversion value

increases as the length of the microchannel (i.e., the residence time of one pass)

increases. Therefore, the results confirm that the specific aggregation process in-

volves a minimum time for a successful shear-driven aggregation to occur. If the

residence time of the NPs inside a microchannel is smaller than this minimum ag-

gregation time, no aggregation occurs when the NP dispersion passes through the

microchannel. As mentioned above, the situation does not change if we let the NP

dispersion repeatedly pass through the microchannel many times (i.e., by increas-

ing the cumulative residence time), because if the residence time of one pass cannot

allow the NPs to overcome the interaction energy barrier, the shear-driven aggre-

gation does not occur, and when they come out from the microchannel, the intense

shear force disappears, and the NPs return to their original interaction state. We

believe that this observed behavior may not be peculiar of high shear aggregation

and may actually be extended to all activated bimomolecular processes.
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Figure 2.1: (a) Schematic representation of colloidal interactions and relative posi-
tion between two NPs, 1 and 2, and (b) average distance (Dss) between
free NPs as a function of the conversion to large clusters, at various df

values, at the gyration radius of the large clusters, Rg = 12 µm, and the
NPs radius, a = 39 nm.

23



CHAPTER 2. KINETICS OF AGGREGATION IN MICROCHANNELS

Figure 2.2: (a) Specific dimension of the SZ-MC and DZ-MC, (b) mean velocity (vm)
of water in the SZ-MC and DZ-MC as a function of the pressure drop
(P/L) measured experimentally and predicted from CFD simulations,
(c) holder of the MCs and (d) the setup of the shear-driven aggregation
device.
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Figure 2.3: (a) Conversion (χ), (b) gyration radius (Rg), and (c) mass fractal dimen-
sion (df) of the clusters as a function of the cumulative residence time
(tr), at different mean velocities (vm) of the dispersion in the SZ-MC
(open symbols) and DZ-MC (filled symbols).
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Chapter 3

Tracking of Fluorescently Labeled

Polymer Particles Reveals Surface

Effects during Shear-Controlled

Aggregation

This chapter is based on the following publication: S. Caimi, A. Cingolani, B. Jaquet,

M. Siggel, M. Lattuada, M. Morbidelli, Tracking of Fluorescently Labeled Polymer Particles

Reveals Surface Effects during Shear-Controlled Aggregation, Langmuir, 2017, 33(49), 14038-

14044, DOI: 10.1021/acs.langmuir.7b03054.
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3.1 Introduction

The process of aggregation and breakage of polymer particles under shear, which

is a very relevant operation in the production of many polymeric materials, [59] is

highly influenced not only by the physical parameters of the system (i.e., solid

and volume fraction, shear regime, particles size), [57, 60–63] but also by the

surface chemistry and properties of the particles themselves. [1, 58, 64, 65] Our

ability to quantitatively describe the behavior of aggregating particles exposed to

shear forces is only limited to simple systems, behaving strictly as non-deformable

sticky spheres. As soon as the particles present complex surface features, such as

advanced functionality and composition, core/shell architecture and presence of

plasticizers that soften the particles shells, they show characteristic and peculiar

behaviors difficult to rationalize. [1] A particularly relevant example is the one of

surface nano-roughness, which has already been shown to strongly affect polymer

particles adhesion. [66,67] Shear aggregation experiments carried out in our group

on certain polystyrene particles have led us to hypothesize that, upon aggregation,

their surface roughness was changing as a function of time, leading to completely

different time evolutions of clusters morphology and to progressively decreasing av-

erage cluster sizes, instead of commonly encountered steady-state conditions. [58]

Indeed, the increase in surface roughness leads to weaker bonds among particles

within clusters, thus progressively increasing their breakage rate with time. De-

spite the importance of such effects, it is generally challenging to experimentally

demonstrate not only the presence of surface roughness but even more a modifica-

tion of this parameter upon prolonged exposure to shear forces. More importantly,

the mechanisms that lead to these changes remain elusive. One of the proposed

mechanism is plastic deformation, but what causes it still needs to be fully un-

derstood. Along with this line, molecular dynamic simulations have highlighted

the possibility of some material transfer between particles as a result of repeated
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aggregation/breakage events, with small chunks of polymer being torn off from

the surface, and transferred to other particles. [68] Moreover, the phenomenon

of chain exchange at a molecular level has been previously observed in different

systems. [69,70] In this work, we have devised a novel and elegant strategy to ex-

perimentally prove the deformation of polymer particles exposed to shear forces,

causing their aggregation and subsequent breakage. The surface alteration mech-

anism of suitably engineered colloidal particles was revealed by means of fluores-

cent microscopy. This technique has the potential to accurately visualize colloidal

clusters when they are made of large enough primary particles. [71] Two sets of

experiments were performed in this work. First, small polymer colloidal nanopar-

ticles with slightly crosslinked polystyrene shell, swollen with styrene, which acts

as a softener, were exposed to shear-controlled aggregation under fully-destabilized

conditions. It was found that the system did not reach a stable steady state size,

as commonly observed with hard particles, but showed a decrease in the average

cluster size over time while keeping a constant fractal dimension (i.e., maintain-

ing the cluster structure unaltered) and never reaching a steady state condition.

Among the various factors hypothesized to explain this behavior, an alteration

of the surface, due to the softness of the outer layer induced by the monomer,

seemed the most plausible and consistent with our previous findings. [58] In the

second set of experiments, a different system was used, consisting of much larger

particles, visible through an optical microscope, featuring a similar architecture

to the smaller particles, but incorporating a fluorescent monomer. Using this sec-

ond system, and working with a mixture of fluorescently labelled and non-labelled

particles, we took advantage of fluorescence to monitor the surface alteration of

the particles. In particular, we tracked whether some polymer could be displaced

from a particle to another upon repeated aggregation and breakage events by sim-

ply recording the percentage over time of particles showing fluorescence. It was
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demonstrated that substantial material exchange occurs between particles if their

surface is sufficiently soft, which indeed is the case only in the presence of swelling

monomer. Not surprisingly, the presence of a soft layer around the particles was

also found to promote their adhesion upon contact. [72] Keeping in mind that

material exchange might not be the only mechanism responsible for surface al-

terations of polymer particles, this work proves for the first time that material

exchange takes place, thus providing novel insight into the importance of particle

architecture and surface properties on shear aggregation.
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3.2 Experimental

3.2.1 Materials

Divinylbenzene (DVB), styrene (STY), rhodamine B (RhB), azobis(isobutyro-

nitrile) (AIBN), sodium dodecyl sulfate (SDS), potassium peroxydisulfate (KPS),

poly vinylpyrrolidone 40k MW (PVP), dicyclohexylcarbodiimide (DCC), 4-(di-

methylamino)-pyridine (DMAP), 2-hydroxyethyl methacrylate (HEMA), magne-

sium chloride and acetonitrile were purchased from Sigma-Aldrich and used with-

out further purification. Ethanol was purchased from Fluka and used without

further purification. Ultra-pure water was prepared by a Millipore Synergy water

purification system. Nucleopore filters with 0.45 µm pore size for dialysis were

purchased from Whatman.

3.2.2 Synthesis of colloidal core-shell polymer nanoparti-

cles

The synthesis of the polymer nanoparticles was carried out in a LabMax Automatic

Reactor from Mettler-Toledo equipped with a 4 L jacketed glass reactor. The

preparation involved two steps: core synthesis and shell covering. The former was

made of 20% cross-linked particles of styrene and divinylbenzene, produced via

semi-batch emulsion polymerization, whereas the latter was obtained by a seeded

emulsion polymerization, using the 20% cross-linked particles as a seed, forming a

1% cross-linked shell around the core.

3.2.2.1 Synthesis of the core

A mixture of water and surfactant (SDS) was initially charged into a glass reactor

and the temperature was set at 70 ◦C using the oil heating jacket (initial charge, IC
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as reported in Table 3.1). When the reactor temperature reached the set-point (in

approximately 25 minutes), a solution of water and initiator (KPS) was injected

through a septum directly into the reactor (initiator solution, IS). In order to

guarantee starved conditions, an emulsion of styrene, DVB, water, and surfactant

was fed over the reaction time using a syringe pump (continuous feed, CF as

reported in Table 3.1). A solution of water and KPS was continuously fed using a

second syringe pump, to guarantee the constant presence of the initiator (initiator

feed, IF). When the reaction time was over, the system was kept at 70 ◦C for one

hour, to ensure complete conversion of the monomer. The monomer conversion

and the particle size evolution were followed by gravimetric analysis and dynamic

light scattering (DLS), respectively. The exact quantities of the chemicals used in

the particle synthesis are reported in Table 3.1.

3.2.2.2 Synthesis of the shell

To form a soft shell onto the core particles, the latter was added a second time

into the LabMax together with water and surfactant (initial charge, IC as reported

in Table 3.2). The previously synthesized latex worked as a seed for the second

polymerization step. When the reactor temperature reached the set point of 70

◦C, a water solution of initiator KPS was added to the jacketed reactor (initiator

solution, IS). During the reaction time, a mixture of styrene and DVB was fed to

achieve a radially homogeneous cross-linking density [73] (continuous feed, CF as

reported in Table 3.2). Again, the monomer conversion and the average particle

size were determined by gravimetric analysis and DLS, respectively. The complete

recipe is reported in Table 3.2.
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Table 3.1: Recipe for the synthesis of the core. All numbers are target values, the
actual ones may vary by less than 1%. IC = Initial Charge, IS = Initiator
Solution, CF = Continuous Feed and IF = Initiator Feed.

IC IS CF IF

Water 1575 g 75 g 315 g 75 g

DVB 63 g

Styrene 252 g

SDS 6.2 g 2 g

KPS 2 g 2 g

Reaction time 5 hours

Cross-linkage degree 20 %

Diameter 42 nm

PDI 0.055
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Table 3.2: Recipe for the synthesis of the shell. All numbers are target values, the
actual ones may vary by less than 1%. IC = Initial Charge, IS = Initiator
Solution and CF = Continuous Feed.

IC IS CF

Water 1295 g 50 g

DVB 0.8 g

Styrene 79.7 g

SDS 1 g

KPS 1.5 g

Core latex 723 g

Reaction time 5 hours

Cross-linkage degree 1 %

Diameter 54 nm

PDI 0.030
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3.2.3 Synthesis and purification of rhodamine B - HEMA

precursor

The synthesis method was adapted from Cova et al. [74] The rhodamine B-HEMA

(RhB-HEMA) precursor was synthesized by Steglich esterification. In a flask, 4 g

of RhB were dissolved in 80 mL acetonitrile. After full dissolution, 1.3 g of HEMA

were added to the reaction mixture under stirring. In a second flask, 1.72 g of

DCC and 52 mg of DMAP were mixed in 80 mL acetonitrile and added dropwise

to the solution within 20 minutes. The reaction was run for 24 hours at 40 ◦C. The

crude product was filtered to remove the precipitated by-product. The obtained

solution was then purified by preparative chromatography using a C18 reversed

phase column and acetonitrile/water mixture as the mobile phase. The purity

of the product was confirmed by mass spectroscopy (LC-ESI-TOF) identifying a

peak at 555 m/z. This precursor has been used to produce the fluorescent shell on

the micron size particles.

3.2.4 Synthesis of core-shell polymer microparticles

3.2.4.1 Synthesis of the core

The synthesis method was based on the work by Lee et al. [75] Accordingly, 1.5

g of PVP were dissolved in 102.6 g of ethanol in a 500 mL round bottom flask

and heated to 70 ◦C. Furthermore, 0.15 g AIBN were dissolved in 15 g styrene and

added to the reaction mixture upon reaching the target temperature. The reaction

was left at 70 ◦C for 24 hours under continuous stirring. When a conversion of 80%

was reached, the mixture was cooled to room temperature. At this point, 1.43 g

DVB, corresponding to 20% of the converted amount of styrene, were mixed with

0.075 g AIBN and added to 58 g of the seed reaction product. The mixture

was left for 6 hours under stirring at room temperature. After completion, the
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mixture was added to a 250 mL three neck flask and heated to 70 ◦C for several

hours, until conversion reached values above 95%. The final size was approximately

2 µm in diameter. SEM pictures and optical microscopy confirmed very high

monodispersity of the prepared particles.

3.2.4.2 Synthesis of the shell

In order to grow the shell on the polymer microparticles, 50 g of the previously

produced suspension of crosslinked core particles were added to a plastic wide neck

bottle. Under stirring, 100 mL water were dripped into the solution over 20 minutes

using an addition funnel. The resulting mixture was added to a Millipore dialysis

chamber with a 0.45 micron Whatman Nucleopore membrane. Millipore water was

rinsed through the chamber at 0.8 bar until the surface tension of the permeated

solution reached the one of pure water, equal to 71.97 mN m−1 at 25 ◦C, to

ensure complete removal of PVP from the dispersion. The dialyzed particles were

transferred to a 250 mL round bottom flask and heated to 70 ◦C. After charging

0.01 g KPS, 30 µL of the monomer mixture (styrene with 1% DVB) were added

successively every 30 minutes over 4 hours to increase the particle size by about 100

nm. In case of the synthesis of a fluorescent shell, the RhB-HEMA precursor was

added to the previous mixture. The precursor was dissolved in 5 mL acetonitrile

and put into a small flask and completely dried from the solvent, using a rotary

evaporator. The conventional monomer mixture used in the previous case was

used to re-dissolve the precursor. Effective inclusion of the RhB-HEMA within the

polymer was assessed by UV measurements of the supernatant after precipitation

of the particles. The absence of any signal confirmed complete incorporation.

Moreover, to verify with more accuracy that the dye was bound to the polymer

chains, some particles were centrifuged out of the aqueous solution, dried, re-

dispersed and swollen with an organic solvent (isopropanol). After precipitation
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of the polymer particles, the supernatant was newly analyzed by means of UV

spectroscopy, and again no trace of dye was found. Increase in size of the particles

was determined via small-angle light scattering (SALS) measurements and SEM

pictures. Moreover, the absence of an unwanted nucleation, leading to a second

small nanoparticles population was confirmed by DLS.

3.2.5 Processing of the particles

3.2.5.1 Dilution and swelling

The synthetized nanoparticles latex has been diluted with degassed Millipore water

down to a specific dry mass fraction (5·10−5). This mixture has either been used as

it is or swollen with additional hydrophobic monomer (i.e., styrene), whose amount

is calculated as a percentage of the solid content of the latex. The obtained solution

has been left under mild agitation overnight at 200 rpm before further processing.

The microparticles dispersion has been diluted in degassed Millipore water from

the previous mixture to reach a mass fraction of 5 · 10−4. In case of swelling, pure

styrene equal to half of the saturation concentration in water has been added to

the mixture. The system was left to equilibrate overnight. The repartition of the

monomer between the water and the hydrophobic polymer phase allows for swelling

of the outer, slightly crosslinked shell on the surface of the particles. Experiments

were run using either fully non-fluorescent or an equal mixture of fluorescent and

non-fluorescent particles.

3.2.5.2 Stirred tank reactor

The diluted latex has been aggregated using a 2 L cylindrical stirred tank reactor

equipped with a 60 mm Rushton impeller and four metallic cylindrical baffles.

The solution has been fed into the reactor through an opening and the tank has
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been firmly closed. Significant attention has been dedicated to the removal of any

bubble of air inside the reactor, to avoid aggregation at the interface between the

suspension and air. To prevent air entering the reactor when sampling, part of

the excess polymer solution was pumped in a vertical tube (1.5 m high) connected

to the reactor. The stirring velocity is set at 500 rpm, which corresponds to a

maximum shear rate of 17300 s−1 and an average one in the range of 900-1700

s−1, evaluated from the scaling for the maximum dissipation rate proposed by

Soos et al. [76] In order to destabilize the system, 60 mL of a 2 M solution of

MgCl2 were added to the reactor through an opening in the bottom plate. Owing

to the strong shear forces produced by the stirrer, the primary particles start

aggregating in a shear-controlled regime, which is not driven by Brownian motion

but is controlled by the extent of the applied shear.

3.2.6 Characterization methods

Monomer conversion.

The monomer conversion is determined from the dry mass fraction of the sample.

A small aliquot of the sample (about 1 mL) was spread over quartz sand and

heated at 120 ◦C in air using a HG53 Moisture Analyzer from Mettler-Toledo.

Dynamic light scattering.

The average size of the nanoparticles was determined by dynamic light scattering

(DLS) using a Zetasizer Nano ZS from Malvern.

Static light scattering.
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To compute the size and the fractal dimension of the aggregated nanoparticles

clusters, the average size of the microparticles as well as of their aggregated clus-

ters, small-angle static light scattering Mastersizer 2000 from Malvern Instruments

equipped with a laser having λSALS = 633 nm was used. The radius of gyration

〈Rg(t)〉 was obtained by fitting the structure factor in a Guinier plot, as reported

in Harshe et al. [19] The fractal dimension df was extracted from the Guinier plot,

by measuring the slope of the curve in the power-law region, using the relation

〈S(q)〉 ∝ q−df .

Microscopy.

The microparticles and their clusters were analyzed using scanning electron mi-

croscopy (Gemini 1530 FEG from Zeiss), with field emission gun operated at 5 kV.

The coating of the samples was performed using platinum. Optical microscopy was

performed using a Leica SP8-AOBS confocal microscopy. An Argon laser at 550

nm was used for excitation of the samples and the emitted light was collected us-

ing one HyD detector. Bright field images were collected in parallel using a PMT

detector.

Image analysis.

The image analysis was performed on the picture taken with confocal microscopy

using ImageJ software. At least 2000 microparticles were evaluated for each mea-

surement. For each picture, the average area in terms of number of pixels occupied

by the non-clustered polymer microparticles was evaluated. The obtained value
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was used, together with the total occupied area, to compute the total number of

polymer microparticles present as individuals, non-clusters objects as well as ag-

gregated in clusters, both in the case of non-fluorescent and fluorescent particles.
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3.3 Results and Discussion

3.3.1 Shear-controlled aggregation

In our shear-controlled aggregation experiments, a colloidal suspension of primary

particles is fed into a stirred tank reactor and an electrolyte solution is added

to fully destabilize the system. However, owing to the presence of the stirrer,

the aggregation process is not driven by Brownian motion but is controlled by the

magnitude of the applied shear. Accordingly, the aggregation rate is highly affected

by the stirring velocity. [63] The destabilization of the system due to the electrolyte

addition cancels the repulsive energy barrier, thus leading to primary particles

aggregating at a much faster rate into their primary energy minimum. The stirrer

creates velocity gradients that drive particles and clusters against each other, thus

increasing the frequency of their encounters. On the other hand, clusters may also

break under the action of hydrodynamic stresses caused by the presence of shear

forces. [63] Consequently, it is expected that the system reaches and preserves a

steady state condition, determined by an equilibrium between the aggregation and

breakage rates. [57] The critical parameter defining the region of shear-controlled

aggregation is the Peclet number (Pe) which expresses the ratio between the shear

and the Brownian forces and is defined according to the equation:

Pe =
3πµγ̇R3

p

kBT
(3.1)

where µ is the solvent viscosity, γ̇ is the shear rate, Rp is the radius of the primary

particles, kB is the Boltzmann’s constant, and T is the absolute temperature. [65]
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3.3.2 Aggregation of nanoparticles

The study of the aggregation of particles in a shear-controlled regime has been

carried out using the polymer nanoparticles with a core-shell structure, synthetized

through the recipe described in the experimental section. The soft shell of the

polymer particles allows for swelling by additional monomer (styrene), which is

used as a plasticizer that lowers the glass transition temperature of the polymer

domain, [77] thus making it very soft at the operating temperature. The addition

of highly concentrated (2 M) magnesium chloride solution ensures full screening

of the surface charges located at the particles surface. The system is left under

agitation for some hours and the morphology evolution of the clusters, in terms

of the radius of gyration (〈Rg〉) and fractal dimension (df ) is monitored. As the

latter is obtained via power-law regression of the scattering structure factor, only

variations in the range of ± 0.1 are appreciable. Figure 3.1 reports the average

cluster size and fractal dimension as a function of the aggregation time for the

samples swollen with 0, 10 and 20% of additional monomer.
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Figure 3.1: Time evolution of the average cluster size (a) and fractal dimension
(b) for different swelling ratios (black squares: non-swollen; blue: 10%
swollen; green: 20% swollen) during the shear-controlled aggregation of
nanoparticles.

As it can be seen from Figure 3.1a, the average cluster size for the non-swollen
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clusters presents no appreciable variations with time after about 50 minutes and

reaches a constant value of approximately 25 µm (black squares). This is in agree-

ment with the results obtained by Harshe et al. [19] and Soos et al. [63] and shows

that the interplay between aggregation and breakage reaches an equilibrium and

the average cluster size remains steady in time. Due to the high Pe number, as

soon as a cluster is broken into smaller fragments, it promptly aggregates with

other polymer particles or clusters to reach the same constant average size. On

the other hand, in the case of primary particles swollen with 10 and 20% of styrene,

the average size of the clusters continuously decreases with time. In particular, the

average size of the sample swollen with 10% of styrene is measured to vary from

36 µm after 70 minutes to 19 µm after 270 (blue squares). Likewise, the size of the

sample swollen with 20% of additional monomer decreases from 36 µm after 60

minutes to 23 µm after 240 (green squares). In addition, Figure 3.1b shows that

the fractal dimension remains constant at a value of approximately 2.7, which is

virtually identical to that obtained for clusters made of non-swollen particles in

the case of shear-induced aggregation and breakage processes. [19] The observed

decrease of the aggregate size with time is in contrast with the available literature

and accepted explanations for this trend are still missing. Consistently with what

hypothesized in a previous work, [58] the observed trend could be the result of some

alterations on the surface of the swollen primary particles, which eventually affect

the bond strength among particles and consequently the rate of breakage. More

specifically, after the particles undergo many cycles of aggregation and breakage,

their surface could become more irregular and less homogeneous. The experimen-

tal evidence indicates that this process should be related to the morphology of the

primary particles, which are made of a hard core surrounded by a shell that is soft-

ened through monomer swelling. One possible mechanism consistent with these

observations is that the surface alteration of the primary particles occurs through
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material exchange among different particles upon collision and breakage. These

alterations may affect the surface adhesion of the particles and consequently the

breakage rate because less energy is required in order to separate them. It is worth

noting that the observed behavior cannot be simply due to the fact that the system

is not yet at equilibrium conditions, because a destabilized system under shear-

controlled aggregation regime typically reaches equilibrium between aggregation

and breakage within about 60 minutes, at least for the particle concentration used

in these experiments. [63]

3.3.3 Aggregation of microparticles

In order to confirm whether the hypothesized material exchange process occurs,

aggregation and breakage have been investigated using microparticles produced

according to the recipe reported in the experimental section. These particles ex-

hibit the same architecture as the nanoparticles: they have a hard core of 2 µm

diameter, composed of polystyrene crosslinked with 20% DVB, and a soft outer

shell of 100 nm, again made of polystyrene but only 1% crosslinked. The morphol-

ogy of the microparticles before and after the growth of the shell is shown in Figure

3.2. Note that the microparticles present dimples, which probably result from the

swelling and crosslinking procedure used to produce their shell, as reported and

discussed earlier in the literature. [78, 79]

Furthermore, some particles have been made fluorescent by the addition of

RhB-HEMA precursor in the monomer mixtures used to synthesize the shell, so

that they can be visualized with a fluorescent confocal microscope. Their shear-

controlled aggregation has been investigated by introducing an equal mixture of

fluorescent and non-fluorescent particles into the stirred tank, following the same

procedure as for the nanoparticles. Again, the experiments have been run without

and with the addition of further styrene in order to swell, and thus soften, the
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Figure 3.2: Particles without shell (a) and after shell growth (b).

particles outer shell. The number of fluorescent microparticles before and after

aggregation, present both as single entities as well as grouped in clusters, has

been determined by image analysis. Figure 3.3 shows the confocal pictures of

the microparticles, before and after applying the fluorescent filter. This allows

visualizing all the particles (Figure 3.3a) or only the fluorescent ones (Figure 3.3b).

The two pictures are superimposed in Figure 3.3c, which allows appreciating how

many microparticles result fluorescent.

Figure 3.3: Micrographs of the microparticles in transmission mode (a), in fluores-
cent confocal mode (b) and their superposition (c).
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3.3.3.1 Aggregation of non-swollen microparticles

Non-swollen microparticles were aggregated under shear and monitored for several

hours. The 〈Rg〉 values of the formed clusters measured by small-angle light scat-

tering measurements are shown in Figure 3.4 (red squares). It can be observed

that already after one hour a steady state of the average size is reached, which

remains constant over the five hours experimental time. Remarkably, this equilib-

rium value for 〈Rg〉 is considerably smaller than in the case of nanoparticles. This

observation can be understood considering the number of particles present in each

cluster, which can be estimated through the equation:

i = k

(
〈Rg〉
Rp

)df

(3.2)

where k is the fractal prefactor, a number whose value typically ranges between

1 and 1.2, [80, 81] 〈Rg〉 is the average radius of gyration, Rp is the radius of the

primary particles, and df is the fractal dimension of the colloidal aggregates. It

results that the number of nanoparticles aggregated in a cluster is in the order of

107, whereas the one of the microparticles is limited to 4-5. Since aggregation is a

second order kinetic process, a smaller number of particles implies a lower aggre-

gation rate, while breakage, being a first order kinetic process, is unaffected by a

lower number of particles. It is, therefore, reasonable to expect a different equilib-

rium condition, dominated by the relative higher breakage contribution. Moreover,

the breakage process is also strongly influenced by the size of the particles. For the

same cluster size, in fact, a cluster made of micron-sized particles contains a lower

number of particles and consequently a lower number of bonds among them. Given

this relatively weaker bond strength compared to the hydrodynamic stress acting

on the particles, it is reasonable to assume that, when subjected to shear, their

clusters can re-break into much smaller units, including individual particles. [82]
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In order to determine any alteration on their surface, the percentage of fluorescent

particles was monitored as a function of time as shown in Figure 3.5 (red squares).

The fact that this value does not change over five hours allows concluding that, in

this case, no material exchange occurs among the surfaces of the primary particles.

3.3.3.2 Aggregation of swollen microparticles

The same experiment has been repeated using particles whose shell has been

swollen with styrene. The values of 〈Rg〉 were determined via light scattering

and shown in Figure 3.4 as a function of time (green squares). It is seen that the

gyration radius reaches the value of 3 µm within the first hour and then remains

constant. Noticeably, it seems not to decrease over time, as in the case of the

nanoparticles. This aspect is again due to the low number of particles present

in each cluster, which makes it difficult to observe a significant decrease in the

average cluster size in time when dealing with microparticles. In any case, it is

a fact that the interplay between aggregation and breakage controls the process.

Anew, the proportion of fluorescent particles was measured. As visible in Figure

3.5, the percentage of fluorescent particles clearly increases over time, moving from

the initial 50% to approximately 62% after two hours and eventually to 70% after

five hours (green squares). This experiment shows that the fluorescent polymer

chains, initially present only on the surface of fluorescent particles, are displaced

and can be found also on the surface of non-fluorescent particles. In particular,

this material exchange occurs only when the shell of the particles is sufficiently

soft, i.e., when the particles are swollen by styrene. It is therefore reasonable

that a similar mechanism occurs even in the case of nanoparticles, and might be

responsible for the unexpected progressive decrease in the average cluster size.
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3.3.3.3 Aggregation of microparticles without shell

For sake of completeness, the highly crosslinked polystyrene microparticles without

shell were aggregated under shear. Interestingly, under the same conditions, they

were unable to aggregate over the four hours time course of the experiment (Figure

3.4). This behavior further confirms the extreme importance of the surface of the

particles in colloidal aggregation. More aptly, a softer surface, in this case due to a

1% crosslinked polystyrene shell of 100 nm, was observed to promote aggregation,

whereas a harder one, composed of highly crosslinked polystyrene (20%), makes it

impossible for the microparticles to form stable clusters in the tested conditions.

They surely collide but due to their rigidity, weak bonds are formed, which are

easily broken by shear forces.
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Figure 3.4: Average 〈Rg〉 as a function of time for different microparticles. In partic-
ular: black squares refer to non-swollen core microparticles, red squares
to non-swollen core-shell microparticles and green squares to swollen
core-shell microparticles.
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Figure 3.5: Percentage of fluorescent core-shell microparticles as a function of time
(red squares: non-swollen, green squares: swollen).

3.4 Conclusion

In this work, shear-induced aggregation experiments of various polymer colloidal

particles have been carried out, with the specific objective of clarifying the role of

the softness of the particle shell on the outcome of the aggregation. In particular,

in a previous work, we hypothesized that the surface of sufficiently soft particles

could be deformed as a result of the repeated aggregation and breakage events,

leading to an increase in surface roughness. This effect could be sufficiently pro-

nounced to lead to exchange of material from one particle surface to another. In

order to prove the presence of such material exchange, specially designed polymer

particles with core-shell structure, and having fluorescence group incorporated into

their shell have been prepared. To tune the softness of the polymer shell, some

styrene monomer was added, which acts as a plasticizer. For the first time, mate-

rial exchange occurring on the surface of core-shell polymer microparticles, when
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softened by monomer addition, upon aggregation under shear was proven and

highlighted. This was achieved by aggregating a 1:1 mixture of fluorescent and

non-fluorescent particles, and by monitoring the increase in the number of parti-

cles exhibiting fluorescence as a function of time. An increase in the percentage of

particles showing a fluorescent signature was recorded over time, reaching after 5

hours a fraction of 70%.

The consequences of our work are far-reaching. It is reasonable to assume this phe-

nomenon to be responsible for the unusual behavior observed on similar nanopar-

ticles in the same conditions (swollen shell). Indeed, the slow but progressive

decrease in the size of the formed clusters over time upon shear-controlled ag-

gregation, without substantial change in fractal dimension, and without reaching

steady-state conditions, might be due to surface alterations and increased rough-

ness on the polymer domain induced by material transfer. These modifications

can affect the surface adhesion among the particles and lead to a restructuring of

the clusters towards continuously new steady-state conditions between aggregation

and breakage.

It is worth noticing that material exchange, which has been proven for the first

time in this work, might not be the only phenomenon controlling the unusual be-

havior observed in shear-controlled aggregation of nanoparticles, but we believe

that it represents a very important effect, the full consequences of it need to be

further ascertained and deepened.
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Chapter 4

PVdF-HFP and

Ionic-Liquid-Based, Freestanding

Thin Separator for Lithium-Ion

Batteries

This chapter is based on the following publication: S. Caimi, H. Wu, M. Morbidelli,

PVdF-HFP and Ionic-Liquid-Based, Freestanding Thin Separator for Lithium-Ion Batteries, ACS

Applied Energy Materials, 2018, 1(10), 5224-5232, DOI: 10.1021/acsaem.8b00860.
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4.1 Introduction

Lithium-ion batteries (LIBs) since their appearance on the market in 1991 have re-

ceived noticeable attention as the most popular energy storage system for portable

electronic devices including laptops, cell phones, and music players. [83] Because

of their high energy density and long cycle life, lithium-ion batteries are considered

promising candidates for large-scale power applications, such as electric vehicles

and emerging smart grids. [84–89] Proper selection of the electrolyte and sepa-

rator is of utmost importance for achieving good battery performance in terms

of cycle life, power density, reliability, and safety. [90–93] In particular, the sep-

arator has to possess specific properties such as chemical and electrochemical in-

ertness towards all cell components, mechanical and dimensional stability, and

physical strength. [94] To meet these requirements, different solutions have been

intensively studied in the literature, including addition of nanofillers into the sep-

arator to promote the electrochemical and mechanical properties (the so-called

composite membrane separators) or blend of different polymers with complemen-

tary properties. [93] The safety aspect becomes especially important when the

cells are exposed to mechanical, thermal, or electrical abuse conditions, typical

in the applications of LIBs at high powers. These safety considerations are par-

ticularly addressed in the utilization of highly volatile, thermally unstable, and

toxic organic-solvent-based electrolytes, together with the concrete risk of leakage

associated with them. [84,95–105]

Accordingly, in recent years, alternative, effective, and innovative electrolytes have

been extensively studied. Among those, the possibility of using ionic liquids (ILs),

characterized by low flammability, negligible vapor pressure, low toxicity, high ion

density, and high ionic conductivities, was thoroughly investigated. [84, 106–119]

The choice of the anion and cation comprising an IL affects several important

characteristics, including density, viscosity, conductivity, and thermal and electro-
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chemical stability. [120–122] In particular, the ionic conductivity of an IL is often

proportional to its viscosity: a higher value of the viscosity leads to a reduced mo-

bility of ions and results in a lower conductivity. [123] Among the various studied

ILs, the pyrrolidinium-based ILs are considered to be one of the most promising

candidates, as they are characterized by high ionic conductivity (greater than 1

mS cm−1 at room temperature), excellent thermal stability (> 300 ◦C), and broad

electrochemical window (ESW, 0–5 V versus Li0/Li+). [122, 124–131] Among the

ILs of this class, Pyr13TFSI is often selected as it possesses one of the lowest vis-

cosities due to the reduced steric hindrance of the Pyr13+ cation. [112, 132–134]

Moreover, the TFSI− anion, having low Lewis acidity due to the delocalized nega-

tive charge over five atoms, shows a weak coordinating power with Li+ and guar-

antees chemical inertness and great electrochemical stability toward cell oxida-

tion. [95, 99,135–140]

For the formation of a freestanding, dimensionally stable and flexible, IL-based

membrane, the IL has to be incorporated inside a polymer matrix to form a so-

called gel-polymer electrolyte (GPE) membrane. Among the available polymers,

poly(vinylidene fluoride-co-hexafluoro propylene) (PVdF-HFP) is receiving consid-

erable attention due to its high dielectric constant (ε ∼ 8.4), good compatibility

with the electrodes, low glass transition temperature, and crystallinity, which en-

able improved ionic conductivity. [141–145] The incorporation of the IL within

the polymer matrix provides adequate mechanical properties, while maintaining

great electrochemical characteristics typical of ILs. [124] Along this line, many

researchers focused on producing these GPE membranes by solution casting, a

technique that typically involves the following steps: (1) finding specific solvents

to dissolve the applied polymer, (2) dispersing the IL, lithium salt, and the other

components in the polymer solution, and (3) casting to form the GPE membrane

after solvent evaporation. [124,146–148] Despite being very promising and proven
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to work, this technique requires use of specific organic solvents that not only dis-

solve the polymer but also have good affinity to the IL and the lithium salts. In

addition, the impact of these solvents to the environment and the cost of their

recovery are also important issues to be considered in industrial practice. To over-

come the above-mentioned drawbacks and increase the process sustainability, in

this work we devise a method that is purely water-based to prepare freestanding,

flexible, and transparent IL-polymer membranes for LIBs. The principle of the

design involves (1) formation of micron-scale fractal (porous) clusters from the

PVdF-HFP nanoparticles (NPs) in water through intense shear-driven aggrega-

tion, a technique previously developed in our group, [44, 149] (2) drying of the

clusters and subsequently mixing with the IL and the lithium salt, and (3) hot-

pressing of the polymer clusters/IL mixture to form a homogeneous, freestanding

membrane. It will be seen that the fractal clusters formed in step 1 possess a

large porosity and a well-defined, interconnected pore structure, suitable to host

the IL and form a bicontinuous structure. The developed membranes have been

successfully used in half-coin cell batteries.
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4.2 Experimental

4.2.1 Materials

The following chemicals have been employed without further treatments: N-propyl-

N -methylpyrrolidinium bis(trifluoromethane sulfonyl)-imide (Pyr1308b, purity

99.5%) was purchased from Solvionic. The structure of Pyr13TFSI is reported

in Figure 4.1. The water dispersion of PVdF-HFP NPs and bis(trifluoromethane)-

sulfonamide lithium salt (LiTFSI) were provided by Solvay (Bollate, Italy). Ion-

exchange resin (Dowex MR-3 hydrogen and hydroxide form) purchased from Sigma-

Aldrich has been employed as received to remove the anionic surfactant adsorbed

on the particle surface. [16] Dichloromethane (anhydrous, purity ≥ 99.8%) was

purchased from Sigma-Aldrich. The lithium iron phosphate (LFP) cathode ma-

terial is commercial grade Life Power P2 from Clariant. Before assembling, the

positive electrode and the separator were dried overnight under vacuum at 130

and 60 ◦C, respectively.

Figure 4.1: Structure of the ionic liquid, Pyr13TFSI.
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4.2.2 Methods

Intense shear-driven aggregation of the PVdF-HFP NPs was carried out using a

high-shear device, HC-5000 (Microfluidics), equipped with a L30Z microchannel

with a width of 300 µm, a rectangular cross section of 5.26·10−8 m2 and a length

of 5.8 mm. An operating pressure of 120 bar was used, corresponding to a shear

rate of 4.8·106 s−1. [149] At this shear rate, when the volume fraction of the PVdF-

HFP NPs was φ = 18%, a solidlike gel was formed just after one pass through the

microchannel. Subsequently, the obtained gel was dried in oven at 60 ◦C and then

ball-milled at 600 rpm for 30 min. The obtained clusters in the form of powder

were sieved, and those with sizes smaller than 63 µm were collected, and referred

to in the following as the polymer clusters (PCs).

For the preparation of the Li-ion-conducting electrolyte solution, dried LiTFSI salt

was added to the Pyr13TFSI IL to obtain a 0.5 M solution, which is here referred

to as the IL solution.

The dried PCs were then mixed with the IL solution, LiTFSI-Pyr13TFSI, at differ-

ent mass fractions, to obtain a PC/IL slurry. Such mixing was simply done using

a magnetic bar for few seconds, and, then, the slurry was kept at rest overnight to

allow the liquid to impregnate the pores of the PCs. The slurry was then trans-

ferred to an aluminum sheet, covered with a second one, placed in a preheated

hydraulic hand-press (Rondol, Strasbourg), and hot-pressed to form a membrane.

The pressing temperature was selected close to the melting temperature of PVdF-

HFP (Tm ∼ 130 ◦C). After the hot-pressing, the hand-press was cooled down,

while the pressing was held, until reaching room temperature. The formed mem-

brane (electrolyte) is here referred to as the PCIL membrane.

The small-angle light scattering (SALS) instrument, Mastersizer 2000 (Malvern)

equipped with a laser with the wavelength λ = 633 nm, was used to characterize

the morphology of the clusters formed by the intense shear-driven aggregation. In
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particular, we have measured the average scattering structure factor of the clusters,

〈S(q)〉, using the SALS instrument, which is defined as: [150]

〈S(q)〉 =
I(q)

I(0)P (q)
(4.1)

Here, I(q) is the angle-dependent scattering intensity, I(0) is the intensity at zero

angle, P(q) is the form factor of the primary particles measured using the same

instrument, and q is the magnitude of the scattering wave vector, defined as:

q =
4πnw

λ
sin

(
θ

2

)
(4.2)

Here, λ is the wavelength of the incident light, nw the refractive index of water,

and θ the scattering angle. Then, the average radius of gyration of the clusters,

〈Rg〉, was estimated using the Guinier plot of 〈S(q)〉:

−ln(〈S(q)〉) =
3

q2
〈Rg〉2, q(〈Rg〉) < 1 (4.3)

The power-law regime of 〈S(q)〉 leads to an estimate of the fractal dimension,

df :

〈S(q)〉 ∝ q−df for
1

〈Rg〉
� q � 1

a
(4.4)

Here, a is the radius of the PVdF-HFP NPs, determined by the form factor, P(q).

Differential scanning calorimetry (DSC) measurements were conducted using a

Q1000 instrument (TA Instruments) using 40 µL crucibles in aluminum and a

heating and cooling rate of 5 ◦C min−1 in a nitrogen atmosphere in the tempera-

ture range from -80 to 170 ◦C. Thermal gravimetric analysis (TGA) was conducted

on a TGA/SDTA-851e instrument (Mettler-Toledo) using 70 µL crucibles in alu-

mina and a heating rate of 5 ◦C min−1 in air in the temperature range from 35 to
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500 ◦C.

The ionic conductivity of the PCIL membrane was measured by AC impedance

spectroscopy using a conductivity cell consisting of two stainless steel blocking

electrodes. The AC impedance spectroscopy was carried out under the following

conditions: PEIS (impedance under potentiostatic mode), ∆V = 5 mV, and a fre-

quency range between 300 kHz and 1 Hz. SEM images were taken using a Gemini

1530 FEG instrument from Zeiss with a field-emission gun operated at 5 kV. The

coating of the samples was performed using platinum. The electrochemical (EC)

performance of the PCIL membrane was investigated by assembling the CR2032

coin cells, with lithium iron phosphate (LiFePO4) (LFP) and lithium metal as the

cathode and the counter electrode, respectively, and the PCIL membrane as the

separator. The EC tests were conducted on a Land CT2001A battery tester at

a mass loading of the active materials per cell equal to 4 mg. The cell assembly

was performed in a glovebox under argon atmosphere. The cells were cycled at

various current densities in the voltage range 2.5-4 V (versus Li/Li+) at 60 ◦C.

For charge/discharge performance characterization, 1C is defined as 170 mAh g−1.
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4.3 Results and Discussion

4.3.1 Preparation of the PCIL membranes

The physical and chemical properties of the used PVdF-HFP NP dispersion are re-

ported in the Appendix (Section 8.2.1, Table 8.1). The anionic surfactant has been

removed by repeated cleaning with ion-exchange resin, Dowex MR-3, to reduce the

colloidal stability of the PVdF-HFP NPs so as to facilitate the shear-driven aggre-

gation. [16] After the cleaning, the conductivity of the dispersion becomes lower

than 10 µS cm−1, and its surface tension is comparable to that of deionized wa-

ter. It should be pointed out that the PVdF-HFP NPs are still very stable after

cleaning, because of the fixed charges on the surface coming from the initiator.

As reported in Section 4.2, the intense shear-driven aggregation of the PVdF-HFP

NPs was performed at a shear rate of 4.8·106 s−1, leading to the formation of a

solidlike gel. To analyze the morphology of the clusters forming the gel, we redis-

persed the gel in deionized water, in the form of clusters. It should be mentioned

that since the PVdF-HFP NPs are stable at rest, after passing through the mi-

crochannel the formed clusters are also stable (repulsive). The formation of a gel

at the outlet of the microchannel is due to the crowding effect. Therefore, the gel

can be easily redispersed in the form of individual clusters. The average radius of

gyration, 〈Rg〉, and the mass fractal dimension, df , of the PCs are measured using

the SALS instrument, Mastersizer 2000. [56, 150] Figure 4.2a shows the average

structure factor, 〈S(q)〉, as a function of the magnitude of the scattering wave

vector, q. From the 〈S(q)〉 curve, the Guinier region gives 〈Rg〉 = 28 µm, and the

power-law region covers a q range of almost 2 orders of magnitude, indicating that

the clusters can be well-considered as fractal objects. The slope of the power-law

region leads to the estimate of df = 2.5, which is typical of the clusters formed

under intense shear. [44]
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Figure 4.2: (a) Average structure factor, 〈S(q)〉, of the clusters forming the gel as a
function of the scattering angle. (b) SEM image showing the morphology
of the dried PC (scale bar: 1 µm).

When the gel is dried, all the clusters stick together, and the identity of the

individual clusters forming the gel is lost. Therefore, the size of the PCs would

depend on the milling extent, and in this work the dried PCs, whose size was

smaller than 63 µm, were collected from sieving. The SEM image of the dried PCs

is shown in Figure 4.2b, representing the typical morphology of dried clusters with

high porosity. It should be mentioned that since the gel is formed at the particle

volume fraction, φ = 18%, the theoretical porosity (or void fraction) in the gel

should be Φ = 1 - φ = 82%. However, during the drying, certain restructuring

inside the clusters occurs, which reduces the porosity. On the other hand, it

will be seen in the following discussion on the membrane preparation that the

porosity in the dried clusters is still very high, at least Φ = 70%. The dried

PCs were then mixed with the IL solution at different mass fractions to obtain a

PC/IL slurry, as described in the experimental section. The slurry was kept at

rest overnight to allow the IL solution to impregnate the pores of the PCs, and

then hot-pressed to form the membrane. The pressing temperature is chosen to

be close to, but lower than, the melting point (Tm) of the polymer to allow the
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polymer particles to have slight interpenetration during the pressing. Since the

Tm for PVdF-HFP is approximately 130 ◦C, as measured by DSC (Figure 8.4 and

Table 8.2 in the Appendix, Section 8.2.2), we found that a pressing temperature

lower than 100 ◦C is insufficient to form a homogeneous and continuous membrane

and that the optimal pressing temperature is 120 ◦C. Figure 4.3 shows an example

of the membrane formed by hot-pressing at 120 ◦C and 10 kN for 5 min, at the

mass ratio PC/IL = 30/70.

Figure 4.3: Freestanding, transparent, 50 µm thick PCIL membrane formed via hot-
pressing.

It is seen that, after removal of the aluminum sheets, a freestanding, homo-

geneous, and transparent membrane is obtained. Since the formed membrane is

based on the PC/IL slurry, it is here referred to as the PCIL membrane. The

thickness of the PCIL membrane is measured with a digital caliper, being approx-

imately 50 µm. It was observed that the thickness after pressing depends solely

on the applied pressure and is not influenced by the amount of sample. Therefore,

the size of the membrane can be simply varied by varying the mass of the slurry
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to be pressed. The formed membranes are stored in dried nitrogen atmosphere to

avoid water absorption. The thermal stability of the PCIL membrane is evaluated

by thermal gravimetric analysis (TGA) and compared in Figure 4.4 with that of

the polymer, PVdF-HFP, the ionic liquid solution, LiTFSI-Pyr13TFSI, and the

conventional organic electrolyte, 1.0 M LiPF6 in EC/EMC = 50/50 (vol %). Let

us define the decomposition temperature (Td) as the temperature corresponding

to 10% weight loss, and from the results in Figure 4.4, we have Td = 451, 402, and

383 ◦C for the polymer, the ionic liquid solution, and the membrane, respectively.

In particular, the membrane is stable up to 325 ◦C with no material loss before

the onset of the decomposition region, indicating that the membrane absorbed a

negligible amount of water (curve 3 in Figure 4.4). Moreover, the membrane ex-

hibits 70% weight loss in the same temperature range as the ionic liquid solution.

This value is expected because the PCIL membrane is prepared at the PC/IL ratio

of 30/70, and the 70% weight loss results from the used IL solution. As already

observed by Sirisopanaporn et al., [147] this result indicates that the IL solution is

penetrated in the pores of PVdF-HFP clusters with no significant interaction with

the polymer. For the conventional organic electrolyte, the decomposition temper-

ature in Figure 4.4 (curve 4) is Td = 75 ◦C, and most of the mass is lost below

200 ◦C. This last aspect highlights why the researchers have made great effort to

move toward solid electrolytes and particularly toward IL-based systems, which

have much higher thermal stabilities.

It was found that the internal structure of the PCIL membrane cannot be

clearly visualized if the SEM image is taken directly from the membrane sample,

because of the excessive charging effect of the IL. Therefore, to visualize its struc-

ture via SEM, we removed the IL solution through repeated washing of the sample

with dichloromethane (DCM). According to the safety data sheet provided by the

producer, the IL used in this work has good solubility in acetone or in DCM, which
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Figure 4.4: TGA profiles of PVdF-HFP (curve 1), LiTFSI-Pyr13TFSI (curve 2),
PCIL membrane at PC/IL = 30/70 (curve 3), and conventional organic
electrolyte, 1.0 M LiPF6 in EC/EMC (curve 4).
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was confirmed by adding the IL to DCM. For PVdF-HFP, the producer declares

that it is readily soluble in acetone but not in DCM, and this was also confirmed

by our tests. Thus, using DCM to wash the IL from the PCIL membrane does

not change the internal structure of the separator. Figure 4.5 reports the cross-

section of the PCIL membrane, which was prepared by breaking the membrane

after immersion in liquid nitrogen, to preserve the structure. It can be seen that

although the PCs are deformed and linked together after the hot-pressing, the

porosity remains high. This is understandable when one considers that the IL

solution is incompressible and that it has penetrated in the inner and outer region

of the PCs, and during the hot-pressing, the total porosity remains basically un-

changed. On the other hand, because of the deformation of all the PCs, the shape

of the pores and the pore size distribution change substantially after hot-pressing.

From Figure 4.5, although the primary particles of the PCs look deformed, part

of their identity can still be observed. This proves that the polymer particles did

not fully melt during hot-pressing. Furthermore, it is possible to observe that this

process leads to the formation of a continuous polymer matrix hosting the IL in

its interconnected pores, thus forming a bicontinuous structure.

4.3.2 Electrochemical characterization of the PCIL mem-

branes

The ionic conductivity of the PCIL membrane prepared at PC/IL = 30/70 was

measured by AC impedance spectroscopy in the frequency range from 300 kHz

to 1 Hz at different temperatures, and the results are reported in Table 4.1. As

can be seen, the ionic conductivity of the PCIL membrane increases from 0.51 to

2.29 mS cm−1 as the temperature increases from 25 to 80 ◦C. The increase of ionic

conductivity with temperature is typical of the IL-based GPEs, mainly because

of reduced viscosity. The obtained values are higher than or comparable to those
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Figure 4.5: SEM image of the cross-section of the PCIL membrane prepared at
PC/IL = 30/70, after removal of the IL solution with DCM.

previously reported in the literature for the GPE membranes based on PVdF-

HFP and ionic liquids. [124,147,148,151–153] Guyomard-Lack et al. [154] prepared

membranes through organic-solvent-based casting, with the same IL solution, but

somewhat different polymer (PVdF-co-HEA), together with SiO2. From their

results, for a comparable system with 70 wt.% of the IL solution, the measured

conductivity was approximately 0.7 mS cm−1 at 25 ◦C. This value is slightly higher

than that shown in Table 4.1, and this could result from the presence of SiO2,

which is believed to improve the ionic conductivity. [143,145,155] It is practically

accepted that good electrochemical performances of a LIB, in terms of capacity

and stability, require a value of at least 1 mS cm−1 for the ionic conductivity. This

means that, for the developed PCIL membrane, on the basis of the results in Table

4.1, an operating temperature higher than 50 ◦C has to be selected.

The data of the ionic conductivity in Table 4.1 can be correlated with the
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Table 4.1: Ionic conductivities of the PCIL membrane at the PC/IL ratio of 30/70,
measured at different temperatures, and the corresponding values of the
parameters in Equation 4.6.

Ionic conductivity [mS cm−1]
Ea [eV] T0 [K]

25 ◦C 40 ◦C 55 ◦C 70 ◦C 80 ◦C

PCIL 0.51 0.78 1.22 1.77 2.29 0.13 101

Vogel–Tammann–Fulcher (VTF) equation: [156]

σ(T ) = AT−0.5exp

(
B

T − T0

)
(4.5)

where A is the pre-exponential factor, T0 is a reference temperature at which the

free volume vanishes, and the ionic mobility goes to zero, and B is a pseudoac-

tivation energy for the charge-carrier motion. The VTF equation represents a

phenomenological way to interpret ion transport (or viscosity) data in amorphous

polymer electrolytes above the glass transition temperature. [131,157] Empirically,

the VTF parameters can be obtained by fitting the conductivity data in terms of

the linearized relationship: [158]

log10

(
σT 0.5

)
= log10(A)− 0.43

(
Ea

kB(T − T0)

)
(4.6)

where Ea is the activation energy and kB the Boltzmann constant. A comparison

between the experimental data for the PCIL membrane and the fitting of Equation

4.6 is shown in Figure 4.6, and the obtained values for Ea and T0 are reported in

the last columns of Table 4.1. The good agreement with the experimental data

and the obtained small value for Ea (= 0.13 eV) indicate no particular restrictions

to the motion of ions within the membrane. [124,131,159]
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Figure 4.6: Ionic conductivity data in Table 4.1 treated and fitted with the linearized

VTF equation.

The performance of the PCIL membrane is investigated by assembling Li/PCIL

/LFP coin cells. Three types of PCIL membranes have been prepared at the PC/IL

ratio of 40/60, 35/65, and 30/70, respectively. The normalized discharge capacity,

measured at 60 ◦C, as a function of the applied current density for the three PCIL

membranes is shown in Figure 4.7. The normalized discharge capacity is defined

as the measured discharge capacity divided by the initial discharge capacity at

0.2C. It can be observed from Figure 4.7 that, for the PCIL membrane at PC/IL

= 40/60, the battery starts to lose its performance already at 0.5C, retaining only

92% of the initial discharge capacity. This becomes even more severe at 1C and 2C,

where the capacity drops down to 44% and 20% of the initial capacity, respectively.

When the current density is reduced back to 0.5C, although the battery shows a

good recovery up to 89% for the first cycle, the performance drops down to 84% in

the next 4 cycles, indicating limited stability over time. The cell assembled with
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the PCIL membrane at PC/IL = 35/65 shows better performances with respect

to that at PC/IL = 40/60. The discharge capacity remains good (>95% of the

initial one) up to 1C, but it drops down to 51% at 2C. When the current density is

reduced back to 0.5C, the battery shows not only a good recovery (up to 99%) but

also good cycle stability. The best performance is given by the cell assembled with

the PCIL membrane at PC/IL = 30/70, which can retain more than 88% of the

initial capacity even at current density of 2C. The cell shows basically complete

recovery when the current density returns to 0.5C (99% and 96% of the initial

capacity at 0.5C and 0.2C, respectively).

Figure 4.7: Normalized discharge capacity, measured at 60 ◦C, for the assembled
Li/PCIL/LFP cells with the PCIL membrane at PC/IL = 40/60 (red
circles), 35/65 (black triangles), and 30/70 (blue squares), respectively.

For the best case above, i.e., the cell assembled with the membrane at PC/IL

= 30/70, the specific discharge capacity and the efficiency of the electrochemical

cycles are reported in Figure 4.8. It is seen that, at low current densities (0.2C and
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0.5C), the measured capacities (150 and 145 mAh g−1) are close to the theoretical

one for the LFP-based batteries (170 mAh g−1). Even at 1C and 2C rates, the

performance is still very good, reaching a capacity of 141 and 132 mAh g−1, respec-

tively. After the cycles at high current densities, the specific discharge capacity

of the battery is measured again at 1C, and it still reaches a value of 139 mAh

g−1, indicating that negligible deterioration occurs for the PCIL membrane at high

rates. The battery efficiency in Figure 4.8 (blue squares) is defined as the ratio

between the discharge and charge capacities, and it is >90% in the entire range

of the C-rates. The obtained values are higher than those previously reported in

the literature for the Li/LFP-based batteries using the IL-based GPE membrane

as the separator. [124,151]

Figure 4.8: Specific discharge capacity (green circles) and electrochemical efficiency
(blue squares), at 60 ◦C, for the assembled Li/PCIL/LFP cell with the
PCIL membrane at PC/IL = 30/70.

From the above results in Figures 4.7 and 4.8, it is evident that the performance
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of the cell, in terms of the stability at high C-rates and capacity retention, increases

as the mass fraction of the IL solution in the PCIL membrane increases. This result

is understandable when one considers that the PCs are fractal objects, and all the

pores in a PC are interconnected. When the mass fraction of the IL solution is

low, the IL solution occupies only part of the pore volume in the PC, and the

remaining can be considered as dead volume. The presence of the latter leads

to three consequences: (1) the number of channels for the transport of lithium

ions is reduced. (2) Some of the pores are not interconnected (interrupted by the

empty pores). (3) The total pore volume will be further reduced after hot-pressing,

because of the fact that the empty pores are compressible. All these factors explain

why the performance increases as the mass fraction of the IL solution in the PCIL

membrane increases. At the optimal conditions, all the pores are filled with the

IL solution and thus interconnected, forming a real bicontinuous membrane (both

the IL solution and the PVdF-HFP network are continuous). Therefore, although

uneven lithium deposition and dendrite formation may occur and close some of the

channels, since all the pores form a continuous phase, the lithium ions can always

find available channels to cross the membrane. In principle, we can continue

increasing the mass fraction of the IL solution in the PCIL membrane. In reality,

we found that a PCIL membrane prepared at PC/IL = 20/80 has poor homogeneity

and integrity, thus being mechanically unfeasible for its application. A picture of

the PCIL membrane obtained at PC/IL = 20/80 is shown in Figure 8.4 of the

Appendix (Section 8.2.3). This result indicates that if a too large mass fraction

of the IL solution is used, the PCs in the PC/IL slurry cannot interconnect to

form a continuous membrane, as the IL solution not only fills the pores of the PCs

but also partially occupies the space among the PCs, leading to disconnection

of the PCs during the hot-pressing. In addition, the good membrane formed at

PC/IL = 30/70 reveals that the porosity of the PCs is at least 70% (but certainly
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smaller than 80%). It is therefore concluded that, for the given system, the proper

conditions for the preparation of the PCIL membranes via hot-pressing are PC/IL

= 30/70 and T = 120 ◦C, which result in not only sufficient integrity and good

mechanical strength of the PCIL membrane but also good performance of the

assembled battery.

The long-term cycling stability of the cell assembled with the PCIL membrane at

PC/IL = 30/70 as the separator has been tested at 0.5C and 60 ◦C for more than

200 cycles. The results are shown in Figure 4.9 and compared with those of Shin et

al. [151] for a battery prepared using rather similar materials. As can be seen, the

specific discharge capacity after 200 cycles still retains 95% of the initial capacity

(149.5 mAh g−1). After 225 cycles, the battery performance decreases significantly

to 135 mAh g−1 (i.e., 90% of the initial value). The Coulombic efficiency stays

always very close to unity throughout the entire stability test. To our knowledge,

the obtained high discharge capacities at high current densities reported in Figure

4.8 and the great stability over more than 200 cycles at 0.5C in Figure 4.9 are

superior to the performance reported in the literature for the same type of batteries

using the IL-based GPE membranes. [124,151,160–162] Ferrari et al. [124] reported

the performances of a Li/GPE/LFP cell, where the GPE membrane was prepared

with 30% PVdF-HFP and 70% PyrA1201TFSI-LiTFSI via a conventional casting

technique using acetone as the solvent. Despite the battery showing good results

at room temperature and at low current densities (0.05C and 0.1C), it exhibited

poor discharge capacities at higher current densities (120 mAh g−1 at 0.2C; 75 mAh

g−1 at 0.5C). Shin et al. [151] prepared a 100 µm thick, PEO/Pyr13TFSI-based

membrane via hot-pressing, where PEO was purchased and used directly, without

proper control of its porosity. It was used to assemble a half-coin cell with lithium

and LFP as electrodes, which was tested at 0.05C and 40 ◦C, and the results are

reproduced in Figure 4.9. As can be seen, the discharge capacity is initially similar
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to that of our cell, but the cycling stability is significantly lower, also considering

that the current density was 0.05C, while ours is 0.5C. At higher current densities

the assembled cell showed low capacity retention. Stepniak et al. [160] prepared a

IL-GPE-based membrane through solution casting and in situ UV polymerization.

The assembled Li/IL-GPE/LFP cell showed good cycling performance in 50 cycles

at 0.05C and 25 ◦C, but at high current densities its discharge capacities are much

lower than those in Figure 4.8. Tong et al. [161] prepared a PVdF-HFP-based

membrane through electrospinning, in which the IL solution was then impregnated.

The obtained GPE was tested also by assembling a Li/GPE/LFP cell. Again,

though the cycling stability was good for 50 cycles at 0.1C and 25 ◦C, at high

current densities, the discharge capacities drop substantially. Costa et al. [163]

evaluated the performance of a separator made of PVdF and produced by solvent

casting together with an imidazolium-based ionic liquid ([C2mim][NTf2]). The

conductivity at room temperature was 0.23 mS cm−1, and the initial discharge

capacity in a Li/C-LFP half-cell was about 75 mAh g−1, and after 10 cycles at 0.2

C and 25 ◦C, the capacity retention reduced to 60%. It should be mentioned that

apart from the polymer matrix, the IL solutions and the testing temperatures used

by Stepniak et al., [160] Shin et al., [151] and Costa et al. [163] are also different

from ours, and direct comparison of their results here becomes difficult. On the

other hand, the small dependence of the discharge capacity on the current density

from our PCIL membrane in Figure 4.8 is seldom observed in the literature for

similar systems. We believe that the excellent performance of our PCIL membrane

at high current densities is related to its high porosity (>70%), homogeneously

distributed pores, and well-controlled pore dimension (all in the submicron range,

as it can be seen in Figure 4.5). More importantly, the pores formed in the fractal

clusters are all interconnected and accessible for the IL solution, thus forming a

continuous phase within the membrane without any dead volume.
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Figure 4.9: Specific discharge capacity (curve 1) and Coulombic efficiency (curve 2)
as a function of cycle number, at 0.5C and 60 ◦C, for the assembled
Li/PCIL/LFP cell with the PCIL membrane at PC/IL = 30/70. Curve
3 is reproduced from the work of Shin et al. [151] where the capacity
was measured at 0.05C and 40 ◦C.
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4.4 Conclusion

We have developed a methodology to prepare freestanding, polymer (PVdF-HFP)/

ionic-liquid-based (Pyr13TFSI-LiTFSI), electrolyte membrane for LIBs, with well-

controlled submicron pores and high porosity. This approach does not involve any

organic solvent and starts with direct conversion of the aqueous dispersion of the

PVdF-HFP NPs to a solidlike gel through intense shear-driven aggregation. Then,

the gel is dried and ball-milled, forming dried polymer clusters (PCs), which are

typical fractal objects, thus possessing well-controlled submicron pores and high

porosity. Subsequently, the PCs are mixed with the ionic liquid (IL) solution,

and the mixture is hot-pressed to form a membrane, referred here to as the PCIL

membrane. Because of the complete interconnection of the pores in the membrane,

a property of fractal objects, the incorporated IL solution and the polymer matrix

form a bicontinuous structure, and the formed transparent membrane presents

good ionic conductivity. A PCIL membrane of 50 µm prepared at the PC/IL

mass ratio of 30/70 has been used as the separator to assemble a half-coin cell

having LiFePO4 and Li as the cathode and the counter electrode, respectively. The

electrochemical performance of the cell has been tested at 60 ◦C, and it showed

excellent results not only at low but also at high current density. The performance

increases as the mass ratio of the IL solution in the membrane increases, because

of the increased porosity and ion diffusion medium. On the other hand, a too large

mass ratio of the IL solution may lead to the amount of the polymer clusters being

insufficient to form a freestanding membrane. In the present case, the PC/IL

mass ratio should be smaller than 20/80. It is worth pointing out that there

could be other ILs that show superior ionic conductivities, and their applications

in our PCIL separator may lead to better performances at lower temperatures.

However, the focus of the present work is on the design of the morphology of the

separator and not on the optimization of the IL/Li salt system. The developed
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design methodology is very versatile and could be easily applied to systems with

different ILs to study the performance of the PCIL membranes at low and high

temperatures.
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Chapter 5

Effect of SiO2 Nanoparticles on

the Performance of

PVdF-HFP/Ionic Liquid

Separator for Lithium-Ion

Batteries

This chapter is based on the following publication: S. Caimi, A. Klaue, H. Wu, M. Mor-

bidelli, Effect of SiO2 Nanoparticles on the Performance of PVdF-HFP/Ionic Liquid Separator

for Lithium-Ion Batteries, Nanomaterials, 2018, 8(11), 926, DOI: 10.3390/nano8110926.
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5.1 Introduction

Recent large-scale power applications of lithium-ion batteries (LIB) including elec-

tric vehicles and emerging smart grids require long cycle life, low impact on the

environment and high reliability and safety. [85–89, 164] Current technologies are

based on the use of organic liquid electrolytes, which guarantee high ionic conduc-

tivity at low temperatures and long cycle stability. However, they are also highly

volatile, toxic and thermally unstable and may leak out of the battery under ab-

normal operations. [95, 99–105] One of the most promising alternatives to replace

liquid electrolyte is the employment of ionic liquids (ILs), which possess high ion

density and are characterized by high thermal stability. [109–115,118,119,164,165]

Among the several existing ILs, those based on pyrrolidinium and in particular

Pyr13TFSI are often considered since they exhibit one of the lowest viscosities

and are chemically inert towards the cell components. [95,112,135,136] The main

drawback of the use of ILs is the limited ionic conductivity at low temperature, es-

pecially when mixed with the host polymer to form the separator. One possibility

to increase the ionic conductivity at low temperatures is the addition of inorganic

nanoparticles (NPs) such as SiO2, Al2O3, TiO2 and CeO2, to the polymer ma-

trix. [143,145,166–168] These fillers can improve the conductivity by reducing the

polymer crystallinity and by interacting with the ionic species in the electrolyte

through Lewis acid-base interactions. [142, 155, 166, 169, 170] Moreover, it is well-

established that the addition of inorganic NPs into the polymer matrix improves

its mechanical stability, thus preventing thermal shrinkage and mechanical break-

down of the separator. [155,171,172] In order to maximize the effect of the added

NPs, it is essential to disperse them in the polymer matrix uniformly and at the

nanoscale level. [141,173] To achieve this, in this work, we start from a dispersion of

silica NPs in water and mix it with an aqueous dispersion of PVdF-HFP NPs. The

binary dispersion is then subjected to shear-driven gelation by passing through a
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microchannel where, if present alone, the polymer NPs undergo gelation whereas

the silica NPs are shear-inactive (i.e., they are stable and do not aggregate). As the

process occurs in few milliseconds the silica NPs cannot escape from the polymer

gel network and remain entrapped and dispersed uniformly in the polymer ma-

trix. [45,149,150] Poly(vinylidenefluoride-co-hexafluoropropylene) (PVdF-HFP) is

chosen as it possesses high dielectric constant, it is chemically compatible with the

electrode materials, and it is characterized by low crystallinity. [141,143–145] The

method to form a freestanding, uniform and transparent membrane through hot-

pressing, starting from the polymer/filler clusters and the IL has been developed

earlier in our group and described elsewhere. [174] The effect of the presence of

silica NPs in the IL-based membrane is investigated in terms of ionic conductivity

and electrochemical cyclability.
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5.2 Experimental

5.2.1 Materials

The following chemicals have been employed without further treatments. Sodium

dodecyl sulphate (SDS, purity 99%) and N-Propyl-N-Methylpyrrolidinium

bis(trifluoromethane-sulfonyl)-imide (Pyr1308b, purity 99.5%) were purchased from

Apollo Scientific and Solvionic (Toulouse, France), respectively. The water disper-

sion of PVdF-HFP NPs, the amorphous silica powder Tixosil 365 and bis(trifluoro

methane)sulfonamide lithium salt (LiTFSI) were provided by Solvay (Bollate,

Italy). Ion-exchange resin (Dowex MR-3 hydrogen and hydroxide form) was pur-

chased from Sigma-Aldrich. The lithium iron phosphate (LFP) cathode material

is commercial grade Life Power P2 from Clariant. Before assembling, the positive

electrode and the separator were dried overnight under vacuum at 130 and 60 ◦C,

respectively.

5.2.2 Methods

To form a suitable dispersion, Millipore water is added to the silica powder to

reach a solid fraction of 30% and the mixture is mechanically stirred and repeat-

edly sonicated using a digital sonifier from Branson. Eventually, the dispersion

is centrifuged at 2000 rpm for 10 minutes to remove the remaining large clusters.

The binary dispersion of PVdF-HFP and SiO2 NPs is prepared by adding the silica

NP dispersion dropwise to the PVdF-HFP NP dispersion under agitation. As the

addition of SiO2 NPs may destabilize the PVdF-HFP dispersion due to a repar-

tition of the adsorbed surfactant between the two species, some additional SDS

is added (0.2% with respect to the solid content of the dispersion). The content

of the added silica is evaluated as mass percentage with respect to the mass of

polymer.
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A high-shear device, HC-5000 (Microfluidics, Westwood, Massachusetts, United

States), connected to a L30Z microchannel with a width of 300 µm, a rectangular

cross section of 5.26·10−8 m2 and a length of 5.8 mm was used to perform shear-

driven gelation of the PVdF-HFP/SiO2 NPs. The operating conditions for the

gelation and subsequent drying to obtain the polymer-silica clusters (PSiCs) are

reported elsewhere. [174]

The IL solution consisted of a 0.5 M solution of LiTFSI salt dissolved into Pyr13TFSI.

The obtained clusters were mixed with the IL solution at a mass fraction of

PSiC/IL equal to 30/70 wt.%, following the procedure previously reported. [174]

The slurry was then transferred between two aluminum sheets in a preheated hy-

draulic hand-press (Rondol, Strasbourg, France) and hot-pressed at 120 ◦C and

10 kN to form the separator. The cooling phase was performed while holding the

pressure. The formed membrane (electrolyte) is here referred to as the PSiCIL

membrane.

Small-angle light scattering (SALS) measurements were taken using a Mastersizer

2000 (Malvern, United Kingdom) equipped with a laser having a wavelength λ =

633 nm to characterize the obtained clusters in terms of their average radius of

gyration, 〈Rg〉, and their fractal dimension, df , following the procedure reported

elsewhere. [56, 175] Measures of dynamic light scattering and zeta potential were

conducted using Zetasizer Nano ZS 3600 from Malvern Instruments.

Differential scanning calorimetry (DSC) measurements were conducted using Q1000

instrument (TA Instruments) using 40 µL crucibles in aluminum and a heating

and cooling rate of 5 ◦C min−1 in a nitrogen atmosphere in the temperature range

from 80 to 200 ◦C. The solid content is measured using a HG53 Halogen Moisture

Analyzer (Mettler-Toledo). Powder XRD measurements were carried out with a

X’Pert PRO-MPD diffractometer (PANalytical). Data were recorded in the 5-70◦

2θ range with an angular step size of 0.05◦ and a counting time of 0.26 seconds per
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step. The peaks at 2θ = 18.2, 20.0, 26.6 and 38.8 correspond to the (100), (020),

(110) and (021) crystalline peaks of PVdF-HFP, respectively. [176]

AC impedance spectroscopy was used to measure the ionic conductivity of the PSi-

CIL membranes using a conductivity cell consisting of two stainless steel blocking

electrodes. The measurement was carried out under PEIS conditions (impedance

under potentiostatic mode), ∆V = 5 mV and frequency range from 300 kHz to 1

Hz. The resistance of the polymer electrolyte was measured and the ionic conduc-

tivity (σ) was obtained as follows:

σ =
d

RbS
(5.1)

where d is the thickness of the separator, Rb the bulk resistance and S the area of

the stainless steel electrode.

SEM images were taken using a Zeiss Leo 1530 (Zeiss, Oberkochen, Germany) with

field emission gun operated at 5 kV. The coating of the samples was performed

using platinum. TEM images were performed using a Morgagni 268 from FEI

equipped with a tungsten emitter operated at 100 kV.

The electrochemical (EC) performance of the PSiCIL membrane was investigated

by assembling the CR2032 coin cells, with lithium iron phosphate (LFP) and

lithium metal as the cathode and the counter electrode, respectively, and the

PSiCIL membrane as the separator. The EC tests were conducted on a Land

CT2001A battery tester at a mass loading of the active materials per cell equal to

4 mg. The cell assembly was performed in a glove-box under argon atmosphere.

The cells were cycled at various current densities in the voltage range 2.5-4 V

(versus Li/Li+) at 60 ◦C. For charge/discharge performance characterization, 1C

is defined as 170 mAh g−1.
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5.3 Results and Discussion

5.3.1 Preparation of the PSiCIL membranes

The procedure to obtain the silica dispersion is reported in the experimental sec-

tion. Typical properties of the obtained dispersion of SiO2 NPs in water are

summarized in Table 5.1.

Table 5.1: Properties of the dispersion of SiO2 NPs in water.

Average clusters diameter PDI Zeta potential

[nm] [-] [mV]

Tixosil 365 160 0.19 -47.9

For the application at hand, the silica NPs have to be well-dispersed in water

and should be negatively charged to maintain their stability while mixed with the

negatively charged PVdF-HFP NPs. As reported in Table 5.1, these requirements

are met by the silica NPs, showing an average diameter smaller than 200 nm and

a negative potential larger than 40 mV (absolute value). In order to investigate

the effect of pH, Figure 5.1a reports the average diameter and the zeta potential

of the silica NPs in the pH range 6-12. To better appreciate the morphology of

the silica NPs, Figure 5.1b reports a TEM image of the dried silica dispersion.

From Figure 5.1a, it is seen that the dispersed SiO2 NPs have a constant average

diameter smaller than 200 nm and are negatively charged with the zeta potential

ranging from -48 to -42 mV. Moreover, from Figure 5.1b, it is possible to recognize

that the each silica NP is a nanocluster made of 10 nm silica primary particles.

The physical and chemical properties of the used PVdF-HFP NP dispersion

are reported in the Appendix (Section 8.2.1, Table 8.1). In order to reduce the
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Figure 5.1: (a) Average diameter and zeta potential of the silica NPs as a function
of pH in the silica dispersion. (b) TEM image of the dried silica NPs
(scale 200 nm).

colloidal stability of the PVdF-HFP NPs so as to facilitate the shear-driven gela-

tion, the anionic surfactant was removed by repeated washing with ion-exchange

resin Dowex MR-3.

The polymer and filler dispersions are mixed as described in the experimental

section and the binary system is subjected to intense shear by forcing it to pass

through a microchannel so as to have rapid gelation of the polymer NPs with

the typical fractal characteristics. Since the formation of the polymer gel network

occurs in few milliseconds and the silica NPs are shear-inactive (i.e., they do not

aggregate under the given shear rate), the fillers, silica NPs, have no time to es-

cape and remains entrapped in the formed matrix at a nanoscale level. In order

to have complete capture of the silica nanoparticles, it is of utmost importance to

obtain a compact gel after a single pass through the microchannel, as discussed

elsewhere. [45,177] This depends on the solid content of the polymer/silica disper-

sion: the higher the solid content, the greater the compactness of the formed gel.

In order to analyze the distribution of the silica NPs inside the polymer matrix,

SEM pictures of the gel obtained from the microchannel are shown in Figure 5.2.

From Figure 5.2 it is evident that the shear-induced gelation is capable of
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Figure 5.2: SEM picture of the silica NPs entrapped in the polymer matrix after a
single pass through the microchannel (scale 300 nm). Some silica NPs
are encircled in violet to be better visualized.
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dispersing uniformly and randomly the silica NPs as fillers within the polymer

matrix, where the silica NPs with respect to the PVdF-HFP NPs are clearly and

easily distinguishable (whiter and smaller ones, encircled in violet in Figure 5.2). It

is worth noticing that the fillers are uniformly dispersed at the nanoscale level (i.e.,

the silica NPs are smaller than 200 nm). Moreover, it is possible to observe that

also the PVdF-HFP NPs maintain their original identity. In order to investigate

the physical properties of the pure polymer and of the composite material, DSC

is performed. Figure 5.3 reports the results of the heating and cooling ramps

of the dried gel at different contents of SiO2. The melting and crystallization

temperatures as well as the crystallinity of the composite derived from the DSC

heating and cooling curves are reported in Table 5.2.

Table 5.2: Properties of the composite material at increasing amount of SiO2, de-
rived from the DSC curves in Figure 5.3. Tm: melting temperature. Tc:
crystallization temperature. ∆Hm: enthalpy of melting. Xc: crystallinity.

Tm Tc ∆Hm Xc

[◦C] [◦C] [J g−1] [%]

Pure 133.6 97.6 22.19 21.2

10% SiO2 132.8 100 18.21 17.4

20% SiO2 130.5 99.7 16.92 16.2

30% SiO2 130.6 99.6 15.66 14.9

The results reported in Table 5.2 show that the amount of SiO2 NPs affects only

slightly the melting and crystallization temperatures. The melting temperature

of the pure polymer PVdF-HFP results in approximately 134 ◦C as derived from

the maximum of the heating curve and progressively decreases with increasing
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Figure 5.3: DSC of the composite gel obtained after one pass through the microchan-
nel at different percentages of the fillers, silica NPs. Blue curve: PVdF-
HFP; Red curve: PVdF-HFP + 10% SiO2; Black curve: PVdF-HFP +
20% SiO2; Green curve: PVdF-HFP + 30% SiO2.

87



CHAPTER 5. SIO2 IN SEPARATORS FOR LIBS

amount of SiO2 to reach approximately 131 ◦C at 30 wt.% content of silica. The

crystallization temperature, on the other hand, is measured from the minimum of

the cooling curve, which is approximately 98 ◦C for the pure polymer and 100 ◦C

for the composite material, independently of the amount of silica. Furthermore,

the enthalpy of melting and the crystallinity significantly decrease with increasing

content of SiO2 NPs. These results are expected and are related to the hindered

reorganization of the polymer chains due to the cross-linking centers formed by

the interaction of Lewis acid groups with the polar groups (i.e., the -F atoms of

the polymer chains). This interaction can stabilize the amorphous structure and

facilitates the transport of Li+ ions (i.e., the ionic conductivity), as observed by

several authors. [166,169,170,178,179]

In order to measure the crystallinity of the polymer and to investigate the effect

of the introduction of the SiO2 NPs on it, XRD measurement are performed and

the results are shown in Figure 5.4.

It is seen that the spectrum of the pure polymer confirms the partial crystal-

lization of PVdF units in the copolymer and gives a semi-crystalline structure of

PVdF-HFP. [143] Moreover, the crystallinity of the polymer has been considerably

reduced upon the addition of silica NPs. The intensity of the crystalline peaks, in-

deed, decreases and broadens when increasing the amount of SiO2. This reduction

in crystallinity is attributed to the changes of the chain conformation due to the

presence of the silica NPs, which again facilitate higher ionic conduction. [180,181]

The dried PSiCs containing different percentages of SiO2 are then mixed with the

IL solution at a mass fractions PSiC/IL of 30/70 wt.% to obtain a slurry, as de-

scribed in the experimental section. To allow full impregnation of the IL solution

into the pores of the PSiCs, the slurry is left at rest overnight before being hot-

pressed at 120 ◦C and 10 kN, as described in our previous work. [174] After the

hot-pressing, it is possible to obtain a freestanding, homogeneous and transparent
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Figure 5.4: XRD of the composite gel obtained after one pass through the mi-
crochannel at different percentages of the fillers, silica NPs. Blue curve:
PVdF-HFP; Red curve: PVdF-HFP + 10% SiO2; Black curve: PVdF-
HFP + 20% SiO2; Green curve: PVdF-HFP + 30% SiO2.
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50 µm thick IL-based membrane (referred as PSiCIL membrane) containing the sil-

ica NPs at a nanoscale level. To prevent water absorption, the PSiCIL membranes

are stored in dried nitrogen atmosphere.

5.3.2 Electrochemical characterization of the PSiCIL mem-

branes

The ionic conductivity of the PSiCIL membranes was measured by AC impedance

spectroscopy in the temperature range from 25 to 80 ◦C at increasing percentages

of silica (with respect to the polymer) in the PSiCs, and the results are reported in

Figure 5.5 and Table 8.3 in the Appendix, Section 8.3.1. As can be seen in Figure

5.5, the ionic conductivity improves as the temperature increases. This can be

understood by taking into account the effect of the temperature on the viscosity

of the IL, which decreases as the temperature rises. The introduction of SiO2 NPs

within the polymer matrix substantially improves the ionic conductivity of the

PSiCIL membrane. In particular, the room temperature conductivity increases

from 0.51 mS cm−1 for the pure polymer to 1.04, 1.22 and 0.71 mS cm−1 with

5, 10, and 15% of SiO2, respectively. The same trend is observed in the entire

temperature range, where the membrane containing 10% of SiO2 NPs shows the

highest values of ionic conductivity reaching 1.77, 2.51, 2.95 and 3.23 mS cm−1

at 40, 55, 70 and 80 ◦C, respectively (the conductivity data for the other samples

are summarized in Table 8.3 in the Appendix, Section 8.3.1). Interestingly, it

is observed that the increase in conductivity is not a linear function of the SiO2

content. The conductivity values corresponding to the SiO2 content of 15% are

lower than those at a SiO2 content of 5 and 10%. This behavior has been previously

observed in the literature and attributed to the fact that at low filler concentrations

the interaction between polymer matrix and SiO2 NPs facilitates the transport

of Li+ ions. However, when the SiO2 concentration reaches a certain level, the

90



5.3. RESULTS AND DISCUSSION

dilution effect predominates and the ionic conductivity decreases. [143, 182] As

reported by Stephan et al. [143], the highest conductivity is reached when the

filler content ranges from 8 to 10 wt.%. The values of the ionic conductivity

obtained in this work are in line with those previously reported in the literature

for polymer/IL separators. [124,174]
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Figure 5.5: Ionic conductivity at 25, 40, 55, 70 and 80 ◦C of the PSiCIL mem-

branes containing 70 wt.% of IL and 0% (blue squares) [174], 5% (green
diamonds), 10% (red triangles), and 15% (black circles) of SiO2, respec-
tively.

The membrane with a SiO2 content of 10%, showing the highest ionic con-

ductivity, was used as separator to assemble CR2032 coin cells, with lithium iron

phosphate (LFP) and lithium metal as the cathode and the counter electrode,

respectively. The corresponding discharge capacity was measured as a function of
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the applied current density and compared in Figure 5.6 with the values obtained

using the membrane made of the PVdF-HFP/IL composite without silica. [174]

It is seen that the discharge capacities of the two membranes are almost identical

up to a current density of 1C, with a capacity retention higher than 90% with

respect to the initial cycles at 0.1C. This very low dependence of the discharge

capacity on the applied current density is not common when considering earlier

literature results. [171, 181] At a current density of 2C, a clear difference between

the two membranes is observed, where the normalized discharge capacity is 79.5%

and 83.3% for the separators with 0% and 10% of SiO2, respectively. Such a su-

perior high capacity retention can be attributed to the fractal structure of the

polymer clusters and to the bicontinuous morphology of the separator. Indeed,

the high and well-controlled porosity formed via shear-gelation is preserved during

the hot-pressing phase, where the IL solution fully impregnates the pores forming

a multitude of channels through which the ions can flow, thus showing limited loss

of capacity at high current density. On the other hand, the positive contribution of

the silica NPs can be attributed to two factors. Firstly, the silica NPs might hin-

der the reorganization, even if already limited, of the polymer particles during the

membrane formation process, thus leaving more channels open to the ions trans-

fer. Secondly, as discussed in the previous paragraph, the performance at high

C-rates are improved because of the same silica/polymer interactions which favor

the ionic conductivity. At low current densities this is not observed as the existing

channels, given the fractal geometry of the polymer clusters, are well-developed

and the ion transfer is not limited by them. It is worth mentioning that, after

the cycles at 2C, the battery is tested again at 0.2C showing a recovery for the

membranes containing 0% and 10% of SiO2 of 97.5% and 99%, respectively, thus

showing limited performance loss during the cycles at high current densities. The

cycle efficiency remained close to unity during all cycles.
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Figure 5.6: Discharge capacity, normalized with respect to the initial cycle at 0.1C,
at 60 ◦C of the PSiCIL membranes containing 70 wt.% of IL with 0%
(blue squares) and 10% (red triangles) of SiO2, respectively.
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5.4 Conclusion

In this work, we have analysed the effect of dispersing silica NPs into PVdF-

HFP/IL membranes on the ionic conductivity and discharge capacity of lithium-

ions batteries. In particular, starting from the corresponding powder, we have

formed a stable water dispersion of silica NPs, which could be mixed with a

PVdF-HFP NP dispersion, to form a binary dispersion which was then subjected

to intense shear-driven gelation. As the gelation occurs extremely fast, the silica

NPs cannot escape during the gel network formation and remain entrapped and

dispersed into the polymer matrix at the nanoscale level. The introduction of silica

NPs into the polymer matrix was shown via DSC and XRD to reduce the crys-

tallinity of the polymer, thus stabilizing the amorphous structure and facilitating

the transport of Li+ ions.

The so produced PVdF-HFP-SiO2 composite clusters (PSiCs) were mixed with

an IL solution and hot-pressed to form a membrane, so as to analyze the effect

of the silica NPs on its electrochemical performance. It was observed that the

ionic conductivity increases as the SiO2 content increases. The ionic conductivity

reaches a maximum at a SiO2 content of 10%, being 1.22 mS cm−1 at room tem-

perature, and then decreases as the SiO2 content further increases. The membrane

formed with 10% SiO2 was used to assemble coin cells and tested for cyclability

at different C-rates at 60 ◦C. At low current densities, no significant differences

between the membranes with 0% and 10% silica were observed and the measured

discharge capacities at 1C were higher than 90% of the ones measured at 0.1C,

showing excellent capacity retention even at high current densities. At 2C the

membrane containing 10% silica performed better, showing a discharge capacity

of 83.3%, compared to 79.5% of the membrane containing no silica. This can be

attributed to the positive effect of the dispersed SiO2 NPs, which, on one side,

hinder the reorganization of the polymer NPs, thus reducing the crystallinity and
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increasing the amorphous phase, and, on the other side, favor the transfer of ions,

because of their interaction with the polymer matrix.
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Core-Shell Morphology of

Redispersible Powders in

Polymer-Cement Waterproof

Mortars

This chapter is based on the following publication: S. Caimi, E. Timmerer, M. Banfi,

G. Storti, M. Morbidelli, Core-Shell Morphology of Redispersible Powders in Polymer-Cement

Waterproof Mortars, Polymers, 2018, 10(10), 1122, DOI: 10.3390/polym10101122.
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6.1 Introduction

Cement-based materials are the most widely used components in construction

industry, thanks to their setting and hardening properties. To improve their ten-

sile strength, water impermeability and chemical resistance, various additives are

normally used. [32, 183, 184] In particular, the addition of polymers is known to

improve the workability of fresh mortars, the deformability, the adhesive per-

formance, the cracks and the freezing-thawing resistances of hardened mortars.

[32, 33, 185–190] Due to these advantages, polymer-cement mortars (PCMs) are

commonly used in a wide variety of applications, including floor screeds, dec-

orative finishing, tile adhesives and waterproofing systems. [187] The latter, in

particular, is of large interest for the construction industry, as the PCMs provide

a cheap and green alternative to other waterproofing methods, like for example

bituminous sheet-based systems, which arrive at the construction site as rolls and

are then laid on the surface, thus requiring substantial work as the resulting joints

need to be carefully sealed as they are potential weak spots. On the other hand,

PCMs can be easily applied using a trowel, roller, spray or a brush and are there-

fore joint-free. In addition, their thickness can be varied by the user and is not

predetermined by the manufacturer, thus widening the possible application range.

PCMs for waterproofing can be divided into two categories, one-component (1C)

and two-component systems (2C). The latter comes as a liquid component (con-

taining mainly the latex dispersion) which needs to be mixed with a second dry-mix

component (containing sand, cement, and other ingredients) in the right ratio and

then to be applied on the supporting structure. These systems, however, are sus-

ceptible to human errors during mixing and transport to the construction site is

expensive. 1C systems, on the other hand, come as dry-mix mortars (consisting of

sand, cement, redispersible polymer powder (RPPs), and other ingredients), which
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only needs to be mixed with water on-site. The 1C solution reduces transportation

and packing costs and increases the products shelf life. [191, 192] A limitation to

this approach comes from the redispersibility of the polymer powder, which is not

straightforward particularly in the case of relatively soft polymers such as those

used for these applications.

To prepare RPPs, techniques like spray and freeze drying are commonly used.

Both methods exploit the evaporation of water or sublimation of ice under specific

conditions of temperature and pressure. Freeze drying is normally used to produce

high-value products, as its operation is relatively complex and costly. [193] Spray

drying, on the other hand, is 30-50 times cheaper and can handle various feed-

stocks like emulsions, slurries and solutions, which makes it the method of choice

for drying polymer dispersions to produce RPPs. [194–197]

In a typical spray drying process, the latex dispersion is first atomized through a

nozzle and then sprayed into the hot drying chamber where the water is quickly

evaporated. Within the drying tower, a constant airflow keeps the particles in

the chamber to prevent them from reaching the outlet before being fully dried.

When the particles leave the chamber, a cyclone separates the exhaust gas and

the dried particles are collected. The outcome of a spray drying process is in-

fluenced by several variables, such as its design, the inlet and outlet tempera-

tures, the feed rate, the air flow and the atomization step (i.e., nozzle type and

atomizing speed). [198, 199] As the drying process occurs at high temperatures,

the polymer particles may coalesce and agglomerate, which obviously lowers their

ability to be reversibly dispersed. To prevent this, water-soluble polymers (e.g.,

poly(vinyl alcohol), PVA) can be added as protective colloids and, in addition,

anti-blocking agents, such as silicon dioxide or stearic acid, are normally added

to avoid caking during storage. [195, 200–205] It is worth noting that, as there

are increasing concerns about volatile organic compounds (VOCs) in building ma-
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terials, the production of RPPs from water-based polymer dispersions and the

spray drying step guarantee the absence of organic solvents and other organic ad-

ditives. [191,192,206,207]

In this work, a systematic study of the most convenient morphology of the polymer

particles used in the RPPs with respect to the spray-ability, film forming charac-

teristics and crack-bridging properties is reported. In these applications, polymers

with glass transition temperature (Tg) lower than -20 ◦C are used. Since it would

not be possible to spray dry a polymer with such a low Tg, a harder shell is grown

around the soft core to limit particles coalescence and form RPPs. Indeed, core-

shell morphologies were intensively studied in the literature and found application

in various research areas, including limitation of the particles interpenetration

upon drying, controlled release of encapsulated active ingredients, and tuning of

the liquid-liquid interfaces. [208–213] In particular, for the preparation of RPPs,

the core-shell morphology can improve the polymer spray-ability and its redisper-

sion, without affecting the film forming and crack-bridging properties and without

further addition of expensive additives. [56, 204, 214, 215] In general, styrene and

2-ethylhexyl acrylate can be taken as hard (Tg = 100 ◦C) and soft (Tg = -50 ◦C)

monomers, respectively, while their ratio is selected so to match the desired Tg.

In order to carefully control the copolymer composition and therefore the value

of Tg, semi-batch emulsion polymerization was adopted [31, 216] using a reactive

emulsifier (surfmer, MAPTAC) as stabilizer.
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6.2 Experimental

6.2.1 Materials

Styrene (STY, 99.5% stab. with 10-15 ppm 4-t-butylcatechol, from ABCR) and

2-ethylhexyl acrylate (2-EHA, 98%, from ABCR) were selected as monomers,

2,2’-Azobis(2-methylpropionamidine)dihydrochloride as initiator (V-50, 98%, from

Acros Organics), and [3-(Methacryloylamino)propyl]trimethylammonium chloride

solution (MAPTAC, 50 wt.% in H2O, from Sigma-Aldrich) as surfactant or surmer

due to the presence of an unsaturated bond. All materials were used without

further purification. Deoxygenated Millipore water (Merck Millipore Synergy)

provided the reaction medium for all syntheses. For spray drying fumed silica,

dolomite and poly(vinyl alcohol) (PVA, Höppler viscosity 4 mPa·s, hydrolysis de-

gree 88 mol%) were used as received. Chloroform-d (99.8 atom%D, stab. with

Ag, from Armar Isotopes) was used as received for NMR characterization. For ce-

ment compatibility and crack-bridging tests, Portland cement (CEMI 52.5N Milke

classic, from Milke) and quartz sand (0.1 - 0.3 mm) were used as provided by the

supplier.

6.2.2 Syntheses

All semi-batch emulsion polymerizations were carried out in a 1 L glass-jacketed

reactor (Syrris Atlas automated reaction system) fitted with a reflux condenser,

sampling device, N2 inlet, two feeding inlets and a PTFE anchor stirrer equipped

with two blade impellers rotating at 200 rpm. For the polymerization, the reactor

was charged with a solution of the surfactant MAPTAC (IC) in deoxygenized water

(bubbled overnight with N2) and heated up to 80 ◦C using the heating jacket and
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an oil bath (Huber, Polystat CC 302). After reaching the reaction temperature

(± 0.5 ◦C), part of the initiator solution (IS) was added into the reactor as a shot.

The remaining initiator solution (IF) and monomer core mixture (CF) were then

fed using two pumps (Bischoff, HPLC compact pump). The initiator was fed for 6

hours, while the core monomer mixture was fed for 2.5 to 3.5 hours depending on

the core-shell ratio used. After switching off the core feed, it was waited for 1 to 1.5

hours (WT) until the conversion reached approximately 80%. The monomer shell

mixture (SF) was then fed for 0.5 to 1.5 hours, in order to have a total monomer

feed time of 4 h. After switching off the initiator feed, the reaction was stirred for

an additional hour to ensure full conversion. The detailed reaction formulations are

summarized in the discussion section and in Tables 8.4 and 8.5 in the Appendix,

Section 8.4.1.

6.2.3 Characterization of polymer dispersions

A sample was taken from the polymerization reactor every hour to monitor in-

stantaneous conversion, particle size and composition. By measuring the solid

content with a HG53 Halogen Moisture Analyzer (Mettler-Toledo) the instanta-

neous conversion could be calculated. The average radius of the polymer NPs

and the polydispersity index (PDI) are measured by dynamic light scattering us-

ing Zetasizer Nano ZS 3600 (Malvern Instruments) after diluting the sample with

deionized water. To analyze the instantaneous composition of the copolymer, the

samples were dried in a vacuum oven at 50 ◦C and dissolved in deuterated chloro-

form to perform 1H-NMR measurements using a 300 MHz Spectrometer (Bruker).

By calculating the peak integrals from the spectra, it was possible to estimate

mole and mass fractions of 2-EHA in each sample. As an example, the spectra for

monomers and copolymer are reported in the Appendix in Figure 8.8 for sample

a.
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The zeta potential of a 0.01 wt.% solution of the final latex was measured using the

Zetasizer Nano ZS 3600 and the pH was measured using a SevenEasy pH-meter

(Mettler-Toledo).

To determine the glass transition temperature (Tg) of the produced copolymer,

differential scanning calorimetry was performed in a Q1000 Differential Scanning

Calorimeter (TA Instruments) using 10 mg of sample in 40 µL aluminum crucibles,

heating and cooling rates of 5 ◦C min−1 in nitrogen atmosphere, and temperature

range from -80 to +100 ◦C. The Tg was obtained from the DSC plot (heat flow

versus temperature) using the inflection point of the S-shape profile, as described

in the literature. [217] Finally, to evaluate the film-forming ability, a few droplets

of the polymer latex were transferred into a petri dish and dried in air at room

temperature.

6.2.4 Spray drying

For spray drying in a NiroAtomizer (Niro), a water solution of 25 wt.% PVA was

prepared and added to the copolymer dispersion to have 15% of PVA with respect

to the polymer. Then, the dispersion was diluted with water to have a total solid

content of 25%. The inlet temperature of the spray drier was set at 135 ◦C and

the outlet temperature was kept at approximately 70 ◦C. A peristaltic pump (ISM

817, IKA) was used to feed the dispersion at 12.2 g min−1. To prevent caking of

the dried powder, silica was fed together with limestone powder with a ratio of

1:18 through a dry powder feeder (AccuRate) with a feed rate of 0.75 g min−1 to

have 19 wt.% with respect to the polymer. The compressed air inlet to disperse

the anti-caking mixture was set at 2 bar and the spray nozzle was set at 3.5 bar.

The amount of collected powder was weighed to measure the yield and 0.5 g of it

were mixed with 10 mL of water to test redispersibility.

103



CHAPTER 6. POLYMER-CEMENT WATERPROOF MORTARS

6.2.5 Polymer-cement mortars

To test the quality of the cement-based mortars prepared using the different copoly-

mers, 25 g of dried polymer were dry-mixed with 56 g of quartz sand and 19 g of

Portland cement. The dry-mix was poured into approximately 20 g of water and a

timer was started. It was then stirred vigorously for 1 minute and the wetting speed

as well as the fluidity were analyzed. If the amount of water was not sufficient to

yield a creamy consistency, additional water was used. The polymer-cement mix-

ture was then applied on top of two adjacent cement fiber plates with a thickness

of 2 mm. 5 hours later, a second layer of 2 mm polymer-cement membrane was

applied. The membrane was left at rest for 28 days at standard conditions (23

◦C/50% relative humidity) before the crack-bridging test.

The mortar and sample preparation procedure is sketched in Figure 8.6 in the

Appendix, Section 8.4.3

6.2.6 Crack-bridging ability of the polymer-cement mortar

Crack-bridging tests were performed according to EN 14891 [218] in the temper-

ature range from -20 to 23 ◦C using a Z020/TH2S (Zwick/Roell) to measure the

maximum expansion until visible cracks form. The displacement rate is 0.15 mm

min−1 and is kept constant during the test. Before the test and the recording

starts, a pre-load of 20N was applied. To be able to vary the testing temperature,

the whole straining device was encased by a temperature-controlling unit (TEE

65/40X, RS-Simulatoren).
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6.3 Results and Discussion

6.3.1 Synthesis of core-shell polymer nanoparticles

Core-shell polymer nanoparticles with the different morphologies sketched in Fig-

ure 6.1 were prepared in order to investigate the effect of core-shell ratio, shell

thickness, and shell hardness on the ability to be spray dried and to form crack-

resistant membranes. The core is made of 25/75 wt.% of STY/2-EHA, respectively,

having a Tg of approximately -25 ◦C and with a size ranging from 255 to 285 nm,

as reported in Table 6.1. Being the core nanoparticles extremely soft (i.e., with

very low Tg), a dispersion of this product could not be spray dried as it led to fully

coalesced particles which could not be redispersed. To improve the spray-ability,

a harder shell with Tg higher than 65 ◦C was grown around the soft core.

The different types of particle morphologies described in Table 6.1 were prepared.

On one hand, the shell thickness was varied from 5 to 15 nm while keeping the

core size constant at approximately 280 nm (latexes a, d and e). On the other

hand, the final particle size was kept constant at approximately 300 nm and the

core-shell ratio was varied from 87% to 97% (latexes a, f and g). Moreover, to

study the influence of the hardness of the shell, its composition was varied from

80% to 99% STY content, while keeping the core size and shell thickness constant

at 280 and 300 nm (latexes a, b and c) and at 260 and 295 nm (latexes g, h and i),

respectively. Finally, for comparison purposes, a latex made of core-only particles

(i.e., with an overall composition of 25/75 wt.% of STY/2-EHA) was considered

(latex j ).

The values of final particle size and PDI (polydispersity index by DLS) for

all particles are reported in Table 6.1. Small PDI values (below 0.1) indicate

narrow particle size distribution, meaning that almost all particles have the same

size. As above-mentioned, particle size, instantaneous conversion and copolymer
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a b c d e

f g h i j

Figure 6.1: Morphologies of the different synthesized core-shell polymer nanoparti-
cles. Medium core size with medium shell thickness and styrene content
of (a) 80%, (b) 90%, and (c) 99% in the shell. Medium core size with a
(d) thinner and (e) thicker shell of styrene content of 80% and different
overall particle size. Different core size while keeping the overall size
constant with respect to (a), leading to a (f ) thinner and (g) thicker
shell of styrene content of 80%. Same morphology as (g) but with a
styrene content of (h) 90% and (i) 99% in the shell. (j ) Core-only latex
particles.
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composition were monitored during all reactions. With illustrative purposes, the

time evolutions of instantaneous and cumulative conversions, and average particle

size in the case of reaction a are shown in Figure 6.2. These curves had similar

shape for all other reactions and, in particular, it is possible to note that both

particle size and conversion values show a rapid increase at the beginning, while

slowing down after about 4 hours of reaction time due to the progressive monomer

depletion. The initial lag time before the reaction starts is due to the presence of

inhibitors in the monomers along with the lower reactivity of 2-EHA with respect

to STY. On the other hand, the instantaneous conversion (defined with respect

to the amount of monomers added to the reactor until the given time) reaches a

value of approximately 70% after 3 hours and remains larger for the rest of the

reaction. The cumulative conversion (defined with respect to the entire amount of

monomers added into the reactor) grows following the typical S-shape and reaches

100% after 7 hours. The two curves obviously superimpose after 5 hours when

the monomer mixture addition was completed. The average particle size increases

up to 300 nm (green curve in Figure 6.2) and the PDI value was measured to be

below 0.1 throughout the whole reaction. The total number of polymer particles

remained constant at approximately 1.5·1016, indicating no secondary nucleation

as reported in Figure 8.5 in the Appendix, Section 8.4.1.

The values of the cumulative composition of sample a during the reaction are

shown in Figure 6.3. As reported in Table 8.4, the core mixture (CF) made of

STY/2-EHA 25/75 wt.% was fed during the first 3 hours of the reaction, followed

by 1 hour rest (WT) and subsequent feed of the shell mixture (SF) (STY/2-EHA

80/20 wt.%) for 1 hour. This feed policy is consistent with the composition profile

in the figure, which is approximately equal to 75% 2-EHA for the first 4 hours and

then decreases progressively to the value of 65% 2-EHA, which is the expected

final cumulative composition assuming complete conversion (dashed curve in Fig-
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Table 6.1: Final size, PDI (polydispersity index) and glass transition temperature
(Tg) of the different polymer particles.

Sample a b c d e f g h i j

Core size [nm] 280 278 284 276 279 285 255 258 260
296

NPs size [nm] 302 296 301 286 311 294 293 294 303

PDI 0.01 0.03 0.02 0.06 0.04 0.02 0.07 0.06 0.01 0.02

Core Tg [◦C] -24.0 -27.6 -24.2 -25.6 -25.0 -24.4 -21.5 -25.2 -22.7
-24.7

Shell Tg [◦C] 65.8 74.2 86.7 65.8 65.8 65.8 65.8 74.2 86.7
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Figure 6.2: Instantaneous (black squares) and cumulative (red circles) conversion,
and average particle size (green diamonds) during the synthesis of sam-
ple a.
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ure 6.3). These results show no preferential incorporation of the two monomers,

with the formed polymer chains having the desired cumulative composition. This

is confirmed for all polymer samples as reported in the Appendix, Table 8.7.
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Figure 6.3: Mass fraction of 2-EHA in the polymer particles for sample a during
the reaction. The dashed curve represents the cumulative polymer com-
position corresponding to the fed monomer mixture assuming complete
conversion.

The Tg values of the different copolymers measured by DSC are also shown in

Table 6.1. Approximately -25 ◦C was estimated in all cases, which is in agreement

with the estimated value for a copolymer with composition STY/2-EHA 25/75

wt.% using the Fox equation: [219,220]

1

Tg
=

ω1

Tg,1
+

ω2

Tg,2
+ ...+

ωn

Tg,n
(6.1)

109



CHAPTER 6. POLYMER-CEMENT WATERPROOF MORTARS

where ωk and Tg,k are the weight ratio and the glass transition temperature of the

generic monomer k, respectively. This property needs to be closely controlled in

the application considered in this work since the polymer Tg is known to affect

film formation, film shape and cement hydration in mortars. [221] Note that the

reported Tg values refer to the core only, as it was not possible to observe the char-

acteristic S-shape at higher temperatures corresponding to the shell composition,

because the core-shell transition is quite smooth and, therefore, there is a very

gradual change in the composition towards the harder shell. This is illustrated,

for the case of polymer a, in Figure 6.4 where the heating and cooling profiles

are shown. It is seen that only the Tg value of the particle core can be estimated

from the S-shaped profile of the heating curve (black curve). The shell Tg values

of the different samples reported in Table 6.1 were measured by synthesizing par-

ticles with homogeneous morphology and the same composition as the shell, that

is STY/2-EHA equal to 80/20, 90/10 and 99/1 wt.%, which resulted to be 65.8,

74.2, 86.7 ◦C, respectively.

Finally, to quantify the surface charge of the polymer particles, which allows infer-

ring the stability of the corresponding polymer latexes, the zeta potential values

were measured. As the surfactant used in the polymerization bears a positive

charge at neutral pH, all measured values of zeta potential are positive and lie

between 47.4 and 54.5 mV (Table 8.6 in the Appendix, Section 8.4.2). These elec-

trostatic repulsion forces result in stable dispersion along with good spray-ability

during the drying step. Moreover, all latexes were dried into petri dishes to verify

their film formation ability. In all cases, the presence of the harder shell does not

hinder the film formation upon drying, as reported in Table 8.6. The used surfmer

MAPTAC combines in its molecular structure a charged, positive group, which

gives stability to the system, and a polymerizable unsaturated bond, which can re-

act with the monomers and be incorporated into the growing polymer chains. [222]
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Being covalently attached to the particles, it will not desorb during film formation

and therefore the properties of the RPPs remain unchanged. [223–225] Indeed, con-

ventional surfactant due to their possibility of migrating from the particle surface

to the liquid solution are known to negatively affect the final properties of the ma-

terials, such as the adhesion strength, the water resistance and the crack-bridging

properties. [226,227]
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Figure 6.4: DSC curves of polymer a: heating (solid black) and cooling (dashed
blue) heat flow profiles.

6.3.2 Spray drying and redispersibility

All the latexes were spray dried according to the procedure described in the exper-

imental section. The qualitative values of the size of the obtained powder grains

estimated by visual inspection are reported in Table 6.2 along with their free-
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flowing ability after 24 hours of storage (i.e., no caking effect) and redispersibility

in water.

Polymer j, whose particles are made of soft core only, with a Tg of approximately -

25 ◦C, could not be spray dried: the powder sticked to the internal wall of the tower

and no dried product could be collected at the unit outlet. However all latexes

with core-shell polymer particles could be effectively spray dried. In particular, the

samples with low core-shell ratio and thick shell (i.e., latexes e, g, h and i) showed

the best performance during spray drying. Their hard shell prevented particle

interpenetration after aggregation and, therefore, free-flowing, fine powders were

produced. To appreciate the difference between coarse and fine powders, a picture

of both - coarse powder (polymer d) and fine powder (polymer i) - is shown in

Figure 6.5. Latex d was the only exception, since a non-free-flowing coarse pow-

der was collected in this case. This fact can be understood by considering that

this latex has the thinnest shell, probably too thin to exclude interpenetration,

and the smallest particle size, both triggering film formation. On the other hand,

latex f, having the same shell thickness as latex d, showed good spray-ability. This

may be due to the larger overall particle size, which facilitates the spray drying:

since the polymer particles exhibit lower specific surface, they are less exposed to

interpenetration at constant amount of protective colloid.

From the data in Table 6.2, it is also evident that the increasing hardness of the

polymer surface going from latexes a to b and c and from g to h and i did not show

any visible effect on the powder quality, thus confirming that particle size and shell

thickness are the most important factors limiting interpenetration. It can then be

concluded that the core-shell structure improves the spray-ability while retaining

film-forming properties, as confirmed by the results summarized in Table 6.2 and

Table 8.6.

About the operating conditions of the spray dryer, it was observed that too
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Table 6.2: Results of the visual analysis of the spray dried polymer latexes. Quali-
tative grain sizes range from fine (fp) over medium (mp) to coarse (cp)
powder. The samples are also classified in free-flowing (ff ) and caking
(ca) powders. Their redispersibility in water ranges from good (gr), to
medium (mr) and to bad (br).

Sample a b c d e f g h i

Grain size mp mp mp cp fp mp fp fp fp

Free-flowing properties ff ff ff ca ff ff ff ff ff

Redispersibility gr mr mr mr gr gr mr br br

Figure 6.5: Sample i (left) and sample d (right) after spray drying.
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low inlet temperatures (lower than 120 ◦C) resulted in insufficient drying and high

residual humidity, leading to caking after 24 hours of storage. On the other hand,

at too high inlet temperatures (higher than 150 ◦C), the polymer was too soft

and the particles excessively interpenetrated, leading to too coarse powders. Con-

cerning the amount of PVA (15 wt.%) and anti-caking agent (19 wt.%), it was

observed that lower values led to coarser powders as the protective effect against

interpenetration was reduced. Higher values were not investigated as they could

negatively affect the crack-bridging performance of the final membrane.

As anticipated, to be properly mixed with cement and form homogeneous mem-

branes, the spray dried polymer powders have to be well redispersible in water.

Redispersibility was then analyzed as described above and the results are summa-

rized in Table 6.2 for the different polymer powders. All samples could be easily

redispersed by simple stirring and none of them formed large coagulates. However,

some powders settled after resting for 24 hours, whereas others remained uniformly

dispersed. The former are listed as bad redispersible (br) and the latter as good

redispersible (gr) powders in Table 6.2. The results show that good spray-ability

does not necessarily mean that the dried powders are well redispersible. For exam-

ple, in the case of the samples shown in Figure 6.5, the coarser powder d is better

redispersible than the finer i, as shown in Figure 6.6. This can be understood by

taking into account the hydrophobicity of the shell: since harder shells have higher

styrene contents, their more hydrophobic nature leads to more difficult wetting,

which makes them difficult to be redispersed in water. This becomes evident when

comparing the redispersibility of powders a with b and c and of the powders g

with h and i (see Table 6.2).
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Figure 6.6: Powders i (left) and d (right) redispersed after spray drying.

6.3.3 Crack-bridging and polymer-cement compatibility

The polymer powders a to i were used to produce 2 mm cement-based membranes

by mixing the powders with quartz sand, cement and water as described in the

experimental section. The membranes were tested for crack-bridging properties

and the results are shown in Figure 6.7. Samples h and i could not be tested as

they did not form homogeneous, crack-free membranes (see Figure 8.7 in the Ap-

pendix, Section 8.4.3). This could be imputed to the strongly hydrophobic nature

of the shell of these particles which contains high amounts of STY.

The crack-bridging results showed a similar trend for all tested samples (polymers

a to g). At temperatures above 20 ◦C the performance was poor, as the polymer

is excessively soft and unable to bridge cracks in the composite material. As the

temperature decreases, clear differences among the samples emerge. In the whole

temperature range, samples d and f (those with thinner shell) showed the largest

possible expansion of approximately 0.7 and 0.6 mm at -10 and -20 ◦C, respec-
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tively. In comparison, polymers e and g (those with thicker shell) showed the

lowest performance, reaching about 0.6 (e) and 0.5 mm (g) at -10 ◦C and 0.4 mm

at -20 ◦C. This can be understood by taking into consideration that the polymer

particles have to fully coalesce during drying in order to avoid cracks formation.

A thicker shell does not impede film formation (cf. Table 8.6) but it increases the

fraction of film with higher Tg, which does not contribute to improve the crack-

bridging behavior.

Furthermore, when comparing the samples with medium shell thickness and differ-

ent styrene content in the shell (polymers a to c), it is possible to see that a harder

shell leads to lower performance. Indeed, the membranes prepared using samples

b and c (with 90% and 99% styrene in the shell, respectively) could expand less

before cracks form with respect to sample a, with 80% styrene in the shell. Again,

harder shell makes it more difficult for the polymer particles to fully coalesce and,

therefore, to form a crack-resistant film. In general, the performance of all samples

decreased at low temperatures, since the polymer gets harder and more brittle as

the Tg of the polymer (-25 ◦C) is approached.
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Figure 6.7: The expansion in millimeters before the membrane cracks at different
temperatures for the membranes obtained with the samples a (black
squares), b (red squares), c (green squares), d (black circles), e (black
triangles), f (orange diamonds) and g (blue pentagons).
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6.4 Conclusion

Polymer-cement mortars are widely used in the construction industry for their

attractive application characteristics, particularly with respect to waterproofing.

Core-shell polymer particles can be used to specifically improve the spray-ability

and crack-bridging properties of the membrane obtained from these powders. In

order to better understand these systems and eventually optimize the core-shell

morphology, various low Tg polymer latexes made of styrene and 2-ethylhexyl acry-

late were synthesized via semi-batch emulsion polymerization. In particular, the

core-shell ratio and the shell thickness and hardness were varied systematically to

analyze the system behavior. Tuning the composition of the copolymer, the core

had a Tg of -25 ◦C, whereas the shell, richer in styrene, higher than 65 ◦C. The

latexes were spray dried after the addition of 15% of poly (vinyl alcohol) by weight

with respect to the polymer as a protective colloid and of a mixture of 1 wt.% silica

and 18 wt.% limestone powder as anti-caking agent. All obtained powders were

redispersed in water and mixed with cement and quartz sand to form mortars,

which were tested for crack-bridging properties at different temperatures.

It was observed that all samples with core-shell morphology could be effectively

spray dried and led to redispersible polymer powders. In particular, for the sys-

tem under consideration, the latexes with a particle size larger than 300 nm and

a shell thicker than 10 nm exhibited the best performance during spray drying.

Smaller particles and thinner shells led to more intrepenetrated particles during

drying and therefore formed coarser powders. Moreover, samples containing more

that 80% of styrene in the shell resulted in non-uniform and non-crack-free mem-

branes, most probably because of their excessive hydrophobic character. On the

other hand, concerning the crack bridging properties, the mortars formed with the

polymers having 5 nm-thick shell with 80% styrene showed best performance, as

the particles could fully interpenetrate and coalesce. Therefore, the best compro-
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mise in terms of core-shell morphology for spray-ability and highest crack-bridging

properties of the final mortar consists of large particles with thin shell (core-shell

ratio of 97%, i.e., shell thickness of a few nanometers) and styrene contents in the

shell not larger than 80%, that is with limited hydrophobicity.

In conclusion, this study shows the importance of core-shell morphology in im-

proving the performance of polymer-cement mortars, but also indicates the need

for its careful design in terms of geometrical and chemical characteristics.
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This thesis provided an overview of some applications of composite materials

based on polymers. In particular, the colloidal polymeric constituent was carefully

designed in terms of composition, particle size and morphology so to have the de-

sired properties of the final material.

In the first part of the thesis, polystyrene nanoparticles of 78 nm were synthesized

as a model system to study the kinetics of shear-aggregation inside a microchannel.

In particular, it was observed that, when forcing the NP dispersions to repeatedly

pass through a Z-shape microchannel, the extent of aggregation of the NPs to large

clusters initially increases and then reaches a plateau value that is by far smaller

than unity. This result is in contrast with the typical outcome of bimolecular

reactions, where the system reaches full conversion as long as the reaction time

is long enough. In our experiments, the energy given to the system in the form

of intense-shear is definitely large enough. However, the system does not reach

full conversion, even after repeated passes through the microchannel. To explain

the observations, various additional processes occurring under intense shear were

considered. The erosion of particles from already existing clusters was excluded

by further designed and targeted experiments, which showed that the maximum

achievable conversion does not result from the equilibrium between erosion and

aggregation. As a second hypothesis, it was considered that a minimum time is

required for the particles to overcome the energy barrier so as to realize the shear-

driven aggregation. If the residence time of the particles inside the microchannel

is smaller than the minimum aggregation time, no aggregation occurs. To ver-

ify this hypothesis, two microchannels with different length but same geometry

were designed so that the residence time for each pass was double. In this case,

when the dispersion was processed in the longer channel, higher conversions were

achieved, proving that the residence time in each pass is the key for the extent of

aggregation.
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In the third chapter of the thesis, crosslinked polystyrene microparticles of approx-

imately 2 µm were synthesized, and made fluorescent by the addition of a dye, to

be aggregated in shear-controlled regime and tracked by confocal microscopy to

identify surface alterations and material transfer between different particles upon

aggregation/breakage experiments. In particular, a mixture of fluorescently la-

belled and non-labelled swollen particles was destabilized by salt addition in a

stirred tank and subjected to shear for 5 hours. The system was sampled and the

percentage of particles showing a fluorescent signature was recorded over time. It

was observed that, starting from a 1:1 mixture of fluorescent and non-fluorescent

particles, upon aggregation and breakage experiments, the percentage of fluores-

cent particles reached after 5 hours a fraction fo 70%, thus showing and proving

that material exchange between the surface of swollen core-shell polymer particles

could occur during processing.

Moving to the applications, a new method to form freestanding separators for

lithium-ion batteries made of polymer and ionic liquid is described in the fourth

chapter aimed to replace commercial materials. The latter, indeed, are made of a

polyolefin membrane impregnated with an organic electrolyte which shows limited

thermal stability. As in recent years, there is a constant need for higher per-

forming batteries for large-scale applications, such as electric vehicles and smart

grids, safer alternatives have to be found. One of the most studied electrolytic

systems is based on the use of ionic liquids (ILs), which are characterized by low

flammability, scarce volatility, and negligible toxicity. Nonetheless, the process to

form freestanding IL-based separators is not straightforward, as it is often diffi-

cult to obtain thin and porous polymer matrices, which can host the IL without

hindering the ionic conductivity, which is of utmost importance to achieve good

performance. Our method starts from a colloidal dispersion of polymer nanopar-

ticles of PVdF-HFP, which can be shear-aggregated in a controlled way so to
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form micron-scale fractal polymer clusters (PCs) with enhanced internal porosity,

higher than 80%. These PCs can be dried, ball-milled, mixed with the IL solu-

tion (Pyr13TFSI), and hot-pressed. By choosing the right operating conditions

in terms of temperature and pressure, it was possible to prepare freestanding and

thin membranes at increasing polymer/ionic-liquid ratio and test them for ionic

conductivity and charge/discharge cyclability. It was shown that the best perfor-

mance was obtained with a polymer/ionic-liquid ratio of 30/70 wt.%, when the

assembled battery showed excellent results not only at low but also at high current

density, showing a capacity retention higher than 88% at 2C and a cycle stability

for more than 200 cycles. This result could be achieved thanks to the complete

interconnection of the pores in the membrane, typical of fractal structures, which

guarantees fast and uniform transfer of ions through the separator. Moreover, the

developed design methodology is very versatile and could be easily applied to sys-

tems with different ILs to study the performance of the PCIL membranes at low

and high temperatures.

As reported in the literature, the addition in the separator of inorganic nanoparti-

cles, such as SiO2, Al2O3, TiO2, and CeO2, can promote the ionic conductivity and

improve the overall performance of the battery. However, to ensure a positive effect

and maximize their contribution, these fillers have to be dispersed in the polymer

matrix uniformly and at the nanoscale level, which is obviously not straightfor-

ward. Based on this methodology and having understood the concept of binary

aggregation, a procedure suitable to form polymer/silica composite clusters which

can be used for ionic-liquid-based separators is discussed in the fifth chapter. In

particular, starting from a powder, an aqueous NP dispersion of silica is prepared

and mixed with the PVdF-HFP dispersion. This binary system is then subjected

to shear-driven aggregation by passing through a microchannel where the polymer

NPs undergo gelation in few milliseconds, entrapping the silica nanoparticles. As
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the process occurs in a very short time, the filler remains dispersed uniformly in

the polymer clusters. Using the same procedure described above, separators based

on silica, polymer, and ionic liquid are prepared at increasing amount of silica

to investigate the effect of the filler on the performance of the battery assembled

with these membranes. The presence of silica into the separator was shown to

reduce the crystallinity of the polymer, thus stabilizing its amorphous structure

and facilitating the transport of ions. As expected, the ionic conductivity reached

a maximum at a SiO2 content of 10%, being 1.22 mS cm−1 at room temperature,

compared to 0.51 mS cm−1 of the pure polymer. Again, this method is very versa-

tile and other fillers than silica could be used, provided that they can be dispersed

in water at nanoscale level and they bear a negative charge so to be mixed with

the polymer without inducing aggregation. Moreover, this technique to uniformly

disperse a filler in a polymer matrix can have applications in different fields, such

as catalysis, drugs encapsulation and delivery, etc.

The last part of the thesis is focused on the synthesis of a composite material for

the construction industry. In particular, a soft polymer to be mixed with con-

crete so to form crack-resistant waterproofing cement-based membranes had to be

developed. Indeed, the addition of polymers is known to improve the properties

of polymer-cement mortars (PCMs), widening the range of possible applications,

including floor screeds, decorative finishing, etc. Furthermore, in recent years, to

save costs in transportation, packaging and storage, there is an increasing ten-

dency to produce the so-called one-component systems, which consist of a dry

mixture of redispersible polymer powder (RPP), cement, sand and further addi-

tives, to which only water has to be added on the construction site. On the other

hand, it is not straightforward to produce RPPs of very soft polymers due to their

tendency to coalesce upon drying. To avoid this, the polymer particles can be

covered by a harder shell which can limit their interpenetration. Unfortunately,
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the harder shell has a negative influence on the crack-bridging performance of the

final material. Therefore, the optimal morphology of the polymer particles which

simultaneously guarantees formation of a non-sticky powder during spray drying,

good redispersibility, and enhanced crack-bridging properties of the final compos-

ite has to be identified. In this part of the thesis, the systematic study on the

optimal core-shell ratio, shell thickness and surface chemical composition (hard-

ness) of the polymer particles is therefore presented. The best geometry consisted

of large particles with thin shell (core-shell ratio of 97% and a shell thickness of a

few nanometers) and a styrene content in the shell not larger than 80% to limit

surface hydrophobicity.
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8.1 Aggregation of Stable Colloidal Dispersions

under Short High-Shear Conditions

8.1.1 Synthesis and characterization of the polystyrene nanopar-

ticles

Polystyrene (PS) nanoparticles (NPs) were selected in this work, and synthesized

via emulsion polymerization in water at 70 ◦C using SDS (Sigma-Aldrich) and

KPS (Merck) as surfactant and initiator, respectively. The average radius of the

PS NPs was determined by dynamic light scattering (NanoSizer, Malvern, UK) to

be a = 39 nm. Before measurement, the surfactant in the colloidal system was

removed by washing with hydrogen and hydroxide resins (Dowex Marathon MR-3,

Sigma-Aldrich).

8.1.2 Manufacturing of the quartz microchannels

The microfluidic systems were fabricated from borosilicate glass (Schott

BOROFLOAT R© 33), which are available as 700 µm thick wafers. A femtosecond

laser (microSTRUCT c, 3D Micromac AG) was used to structure the microfluidic

channels by ablation, as described in Erfle et al. [52] Using the same laser param-

eters and scanning strategy, it resulted in a channel depth of 107 µm. The cross

section of the channel shows rounded corners and channel sidewalls at an angle

of 64◦ (Figure 8.1). Directly after laser ablation, the sidewalls and the bottom

of the microchannels as well as the vicinity are covered with glass particles and

filaments. To remove the particles, the substrate is immersed in a glass etching so-

lution (phosphoric acid, hydrofluoric acid and water, mixed 20:6:9) for 90 s. After

etching, the glass surfaces in the microchannels exhibit a roughness of Ra = 0.43

µm (VK-X260K, Keyence). The surface is characterized by round pits, which have
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a diameter of up to 4 µm (Figure 8.2). The open channels on the wafer were closed

with a second structured wafer with a mirrored design and thermally tempered at

630 ◦C for six hours.

Figure 8.1: Microscopic image of the cross section of the closed microfluidic channel
after thermal bonding of two structured wafers.

8.1.3 Measurement of degree of aggregation and morphol-

ogy of clusters

The degree of aggregation can be determined by the conversion (χ) of the NPs to

large clusters. As previously observed, two populations of clusters are observed

when the NP dispersion is forced to pass through the MC under intense shear. The

first one is composed of the NPs plus small amount of small clusters (i.e., doublets

and triplets), whereas the second population corresponds to large clusters, with an

average diameter of at least 2 orders of magnitude larger than that of small clusters.

Suitable centrifugal speed and time can be selected to separate the two populations,

thus to determine the χ value. Typically, 20 mL of sample were collected using
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Figure 8.2: Microscopic image (obtained with laser scanning microscope type VK-
X260K, Keyence) of the surface at the microfluidic channel bottom after
the etch process.

centrifugal tube and centrifuged at 4500 rpm for 40 min. The precipitate was

then rinsed with water and the procedure repeated to guarantee the precipitation

of only the large clusters. The remaining solid was then extensively dried at 80

◦C in vacuum and weighed to calculate the χ value. Moreover, after each pass

through the microchannel, small amount of sample was diluted with water and

characterized in terms of radius of gyration (Rg) and fractal dimension (df ) of

the large clusters by a small-angle light scattering instrument, Mastersizer 2000

(Malvern, U.K.). In particular the radius of gyration (Rg) can be derived using

the Guinier plot of the average scattering structure factor of the clusters, 〈S(q)〉,

as described in Section 4.2.2.

130



8.1. KINETICS OF AGGREGATION IN MICROCHANNELS

8.1.4 Evaluation of the average distance between two neigh-

bor free NPs

The average distance between the surface of two neighbor free NPs (Dss) can be

evaluated as:

Dss =

(
1− Vtot,C

NP

) 1
3

− 2a (8.1)

where a is the NP radius, NP is the number concentration of the NPs, which can

be estimated as:

NP =
φ0

VP
(1− χ) (8.2)

with φ0 being the initial volume fraction of the NPs, VP the volume of a single

NP, χ the conversion. The total volume fraction occupied by the clusters, Vtot,C

in Equation 8.1, can be evaluated based on the volume of one cluster multiplied

by the number of clusters (NC), which can be estimated as:

NC = χ
φ0

VP
NP,C (8.3)

where NP,C is the number of NPs within one cluster, given by: [228]

NP,C = 4.46d−2.08f

(
Rg

a

)df

(8.4)
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8.1.5 Details on the computational fluid dynamic simula-

tions

The governing equations. The steady-state Favre-averaged continuity and Navier–Stokes

equations are defined as follows:

∂〈Ui〉
∂xi

= 0 (8.5)

〈Ui〉
∂Ui

∂xj
= −1

ρ

∂〈p〉
∂xi

+
∂

∂xj

(
(µ+ µt)

∂Ui

∂xi

)
(8.6)

where 〈Ui〉 is the Reynolds-averaged velocity component in the i th direction, 〈p〉

is the Reynolds-averaged pressure, µ and µt represent the molecular and turbulent

viscosity respectively, and ρ is the density.

Operation conditions and numerical details. The governing equations are solved

by the commercial software, ANSYS FLUENT 14.5.7. The unstructured hexa-

hedral cells are created by ICEM. The grids of SZ-MC and DZ-MC consist of

1094662 and 2101720 cells, respectively. Both the grids are refined near the wall.

The employed spatial numerical scheme is a second-order upwind scheme and the

pressure–velocity coupling is solved with the SIMPLE algorithm. The pressure

inlet boundary conditions are employed for the inflows while the pressure outlet

condition is assumed at the outflow. The standard k -ε turbulence model coupled

with the standard approach for the wall treatment is employed to simulate three

dimensional flow filed. The mean velocity and mean shear rate are calculated as

follow:

vm =

∑
v · Vcell∑
Vcell

(8.7)
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γ̇ =

∑
γ · Vcell∑
Vcell

(8.8)

where Vcell is the volume of each cell at the microchannel zone, v and the γ are

the velocity and shear rate at the computational cell, respectively.
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8.2 PVdF-HFP and Ionic Liquid-Based, Freestand-

ing Thin Separator for Lithium-Ion Batteries

8.2.1 Properties of the aqueous dispersion of PVdF-HFP

NPs

The PVdF-HFP nanoparticles (NPs) contain about 5 mol% of HFP and were

obtained through emulsion polymerization using an anionic surfactant as the sta-

bilizer. The properties of the latex are reported in Table 8.1.

Table 8.1: Physical and chemical properties of the aqueous dispersion of PVdF-HFP
NPs.

Radius PDI Conductivity
Surface

ζ potential pH
NPs mass

tension fraction

[nm] [-] [µS cm−1] [mN m−1] [mV] [-] [%]

140 0.03 920 62.70 -30 2.8 24.1

The average radius of the polymer NPs and the polydispersity index (PDI)

are measured by dynamic light scattering using Zetasizer Nano ZS 3600 (Malvern

Instruments). The conductivity is measured with Conductometer 712 (Metrohm)

at a concentration of 5 wt.% and 25 ◦C. The surface tension measurements are

performed with a Wilhelmy plate using DCAT 21 (Dataphysics) at a concentration

of 0.5 wt.% and 25 ◦C. The solid content is assessed by spreading the sample

over quartz sand and analyzing the weight loss at 120 ◦C using a HG53 Halogen

Moisture Analyzer (Mettler-Toledo).
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8.2.2 DSC results

Figure 8.3: DSC curves of PVdF-HFP: heating (black) and cooling (blue) profiles.

Table 8.2: Properties of PVdF-HFP, derived from DSC curves. Tm: Melting tem-
perature. TC : Crystallization temperature. ∆Hm: Enthalpy of melting.
XC : Crystallinity.

Tm TC ∆Hm XC

[◦C] [◦C] [J g−1] [%]

133.6 97.6 22.2 21.2
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8.2.3 Morphology of the PCIL membrane prepared at PC/IL

= 20/80

Figure 8.4: Morphology of the PCIL membrane prepared at PC/IL = 20/80.
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8.3 Effect of SiO2 Nanoparticles on the Perfor-

mance of PVdF-HFP/Ionic Liquid Separator

for Lithium-Ion Batteries

8.3.1 Ionic conductivity results

Table 8.3: Ionic conductivity of the PSiCIL membranes in the temperature range
from 25 to 80 ◦C at different percentages of silica (with respect to the
polymer).

Ionic conductivity [mS cm−1]

wt.% of SiO2 25 ◦C 40 ◦C 55 ◦C 70 ◦C 80 ◦C

0 0.51 0.78 1.22 1.77 2.29

5 1.04 1.54 2.08 2.51 2.88

10 1.22 1.77 2.51 2.95 3.23

15 0.71 1.04 1.54 2.08 2.69
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8.4 Core-Shell Morphology of Redispersible Pow-

ders in Polymer-Cement Waterproof Mor-

tars

8.4.1 Syntheses conditions

The exact amounts and conditions of the synthesis of the samples are shown in

Tables 8.4 and 8.5.

Table 8.4: Reaction formulations for different core-shell particles for samples a-e.
All reactions were run at 80 ◦C with a stirring speed of 200 rpm.

Sample a b c d e

IC
MAPTAC (50 wt.%) [g] 15.1 15.1 15.1 13.6 16.6

Water [g] 370 370 370 370 370

IS
V-50 [g] 0.9 0.9 0.9 1 1

Water [g] 10 10 10 11 11

CF

STY [g] 42 42 42 42 42

2-EHA [g] 126 126 126 126 126

Feeding time [hr] 3 3 3 3 3

WT Waiting time [hr] 1 1 1 1 1

SF

STY [g] 33.6 37.8 41.6 16.8 50.4

2-EHA [g] 8.4 4.2 0.42 4.2 12.6

Feeding time [hr] 1 1 1 1 1

IF

V-50 [g] 1.8 1.8 1.8 1.5 2

Water [g] 18 18 18 19.5 20

Feeding time [hr] 6 6 6 6 6
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Table 8.5: Reaction formulations for different core-shell particles for samples f-j. All
reactions were run at 80 ◦C with a stirring speed of 200 rpm.

Sample f g h i j

IC
MAPTAC (50 wt.%) [g] 15.1 15.1 15.1 15.1 15.1

Water [g] 370 370 370 370 370

IS
V-50 [g] 0.95 0.9 0.9 0.9 0.9

Water [g] 10 10 10 10 10

CF

STY [g] 47.2 35 35 35 52.5

2-EHA [g] 141.8 105 105 105 157.5

Feeding time [hr] 3.5 2.5 2.5 2.5 4

WT Waiting time [hr] 1 1.5 1.5 1.5 -

SF

STY [g] 16.8 56 63 69.3 -

2-EHA [g] 4.2 14 7 0.7 -

Feeding time [hr] 0.5 1.5 1.5 1.5 -

IF

V-50 [g] 1.8 1.8 1.8 1.8 1.8

Water [g] 18 18 18 18 18

Feeding time [hr] 6 6.5 6.5 6.5 6
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Figure 8.5: Number of polymer particles in the reactor during the synthesis of sam-
ple a.
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8.4.2 Syntheses results

Table 8.6: Surface zeta potential, pH value and film-forming ability of the synthe-
sized latexes.

Sample Zeta potential [mV] pH Film-forming

a 48.8 6.75 Yes

b 54.5 6.32 Yes

c 51.8 6.69 Yes

d 50.8 6.69 Yes

e 50.9 6.75 Yes

f 50.5 6.46 Yes

g 47.4 6.44 Yes

h 50.8 6.11 Yes

i 50.0 6.52 Yes

j 52.2 6.27 Yes

141



CHAPTER 8. APPENDIX

8.4.3 Polymer-cement membranes

Figure 8.6: Sketch of the membrane preparation procedure for crack-bridging tests.

Figure 8.7: Cement-based membrane obtained with polymer h (left) and i (right),
after spray drying.

8.4.4 NMR results and evaluation

The recorded NMR spectra were evaluated by integrating the peaks to measure

the polymer composition. The full results are shown in Table 8.7. The samples

taken after one hour had a too low concentration for a reasonable evaluation as

the conversion was still relatively low.
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Table 8.7: 2-EHA mass content of the cumulative polymer particles during the re-
action.

Sample 2 hr 3 hr 4 hr 5 hr 6 hr 7 hr

a 0.76 0.73 0.74 0.71 0.69 0.66

b 0.71 0.70 0.73 0.74 0.69 0.66

c 0.73 0.76 0.74 0.75 0.7 0.67

d 0.68 0.68 0.72 0.74 0.73 0.72

e 0.73 0.70 0.71 0.73 0.68 0.65

f 0.69 0.68 0.7 0.73 0.73 0.72

g 0.72 0.71 0.74 0.7 0.63 0.61

h 0.76 0.69 0.72 0.69 0.61 0.59

i 0.77 0.78 0.73 0.69 0.59 0.53

j 0.73 0.77 0.74 0.74 0.76 0.75
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Figure 8.8: NMR spectra for the monomers STY (black curve) and 2-EHA (red
curve) and for the copolymer STY/2-EHA a (green curve).
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electrolytes. the Lewis acid-base approach. Solid State Ionics , 1996, 85 (1-4),
67–72.

[180] Y. Liu, J. Lee, L. Hong, In situ preparation of poly (ethylene oxide)-SiO2

composite polymer electrolytes. J. Power Sources , 2004, 129 (2), 303–311.

[181] B. Scrosati, F. Croce, S. Panero, Progress in lithium polymer battery R&D.
J. power sources , 2001, 100 (1-2), 93–100.

[182] F. Croce, L. Persi, B. Scrosati, F. Serraino-Fiory, E. Plichta, M. Hendrickson,
Role of the ceramic fillers in enhancing the transport properties of composite
polymer electrolytes. Electrochim. Acta, 2001, 46 (16), 2457–2461.

[183] F. L. Maranhão, V. M. John, Bond strength and transversal deformation ag-
ing on cement-polymer adhesive mortar. Constr. Build. Mater., 2009, 23 (2),
1022–1027.

[184] R. Bayer, H. Lutz, Dry mortars. Ullmann’s Encyclopedia of Industrial Chem-
istry , 2002.

158



BIBLIOGRAPHY

[185] R. Wang, P.-M. Wang, Action of redispersible vinyl acetate and versatate
copolymer powder in cement mortar. Constr. Build. Mater., 2011, 25 (11),
4210–4214.

[186] J. Mirza, M. Mirza, R. Lapointe, Laboratory and field performance of
polymer-modified cement-based repair mortars in cold climates. Constr.
Build. Mater., 2002, 16 (6), 365–374.

[187] Y. Ohama, Handbook of polymer-modified concrete and mortars: properties
and process technology. William Andrew, 1995.

[188] A. Jenni, L. Holzer, R. Zurbriggen, M. Herwegh, Influence of polymers on
microstructure and adhesive strength of cementitious tile adhesive mortars.
Cem. Concr. Res., 2005, 35 (1), 35–50.

[189] M. U. K. Afridi, Z. U. Chaudhary, Y. Ohama, K. Demura, M. Z. Iqbal,
Strength and elastic properties of powdered and aqueous polymer-modified
mortars. Cem. Concr. Res., 1994, 24 (7), 1199–1213.

[190] R. Wang, D. Ma, P. Wang, G. Wang, Study on waterproof mechanism of
polymer-modified cement mortar. Mag. Concrete Res., 2015, 67 (18), 972–
979.

[191] X. Fan, L. Niu, Performance of redispersible polymer powders in wall coat-
ings. J. Adhes. Sci. Technol., 2015, 29 (4), 296–307.

[192] L. Niu, L. Lei, Z. Xia, Redispersible polymer powder functionalized with
NMA and its adhesive properties in dry-mixed coatings. J. Adhes. Sci. Tech-
nol., 2013, 27 (13), 1432–1445.

[193] F. Franks, Freeze-drying of bioproducts: putting principles into practice.
Eur. J. Pharm. Biopharm., 1998, 45 (3), 221–229.

[194] A. Gharsallaoui, G. Roudaut, O. Chambin, A. Voilley, R. Saurel, Applica-
tions of spray-drying in microencapsulation of food ingredients: an overview.
Food Res. Int., 2007, 40 (9), 1107–1121.

[195] K. Christensen, G. Pedersen, H. Kristensen, Preparation of redispersible dry
emulsions by spray drying. Int. J. Pharm., 2001, 212 (2), 187–194.

[196] R. Baumann, S. D. Hofmann, H. Kuehn, M. Perello, Redispersible poly-
mer powder from polyolefin dispersions and the use thereof in construction
applications. 2014, uS Patent 8,802,767.

[197] B. Bett, J. Richard, Water-redispersible powders of film-forming polymers
with a ”core/shell” structure. 1999, uS Patent 5,872,189.

[198] X. Zhang, Y. Pei, D. Xie, H. Chen, Modeling spray drying of redispersible
polyacrylate powder. Drying Technol., 2014, 32 (2), 222–235.

159



BIBLIOGRAPHY

[199] K. Masters, Spray drying handbook. George Godwin Ltd., 1985.

[200] A. Du Chesne, A. Bojkova, J. Gapinski, D. Seip, P. Fischer, Film formation
and redispersion of waterborne latex coatings. J. Colloid Interface Sci., 2000,
224 (1), 91–98.

[201] N. B. Halima, Poly (vinyl alcohol): review of its promising applications and
insights into biodegradation. RSC Adv., 2016, 6 (46), 39823–39832.

[202] P. P. Nampi, S. Kume, Y. Hotta, K. Watari, M. Itoh, H. Toda, A. Matsutani,
The effect of polyvinyl alcohol as a binder and stearic acid as an internal
lubricant in the formation, and subsequent sintering of spray-dried alumina.
Ceram. Int., 2011, 37 (8), 3445 – 3450.

[203] D.-J. Jang, E. J. Jeong, H.-M. Lee, B.-C. Kim, S.-J. Lim, C.-K. Kim, Im-
provement of bioavailability and photostability of amlodipine using redis-
persible dry emulsion. Eur. J. Pharm. Sci., 2006, 28 (5), 405 – 411.

[204] L. M. Saija, M. Uminski, Water-redispersible low-Tg acrylic powders for the
modification of hydraulic binder compositions. J. Appl. Polym. Sci., 1999,
71 (11), 1781–1787.

[205] X. Chen, B. Zheng, J. Shen, Morphologies of polymer grains during spray
drying. Drying Technol., 2013, 31 (4), 433–438.

[206] L. M. Calvo, J. Garuti Jr., Compositions for use in construction and methods
of applying the same. 2012, uS Patent 8,187,375.

[207] Z. Xia, X. Zhang, Y. Situ, H. Chen, C. Mei, Dry-powder latex coating for
internal wall and its production. 2009, cN patent 101481584 A.

[208] L. Hong, L. Chen, M. Ladika, Y. Li, L. Kim-Habermehl, R. Bergman, Impact
of particle size and surface charge density on redispersibility of spray-dried
powders. Colloids Surf., A: Physicochem. Eng. Aspects , 2014, 459, 274–281.

[209] F. Wang, Y. Luo, B.-G. Li, S. Zhu, Synthesis and redispersibility of poly
(styrene-block-n-butyl acrylate) core-shell latexes by emulsion polymeriza-
tion with RAFT agent-surfactant design. Macromolecules , 2015, 48 (5),
1313–1319.

[210] A. Rauh, M. Rey, L. Barbera, M. Zanini, M. Karg, L. Isa, Compression of
hard core–soft shell nanoparticles at liquid–liquid interfaces: influence of the
shell thickness. Soft Matter , 2017, 13 (1), 158–169.

[211] D.-G. Yu, J.-J. Li, G. R. Williams, M. Zhao, Electrospun amorphous solid
dispersions of poorly water-soluble drugs: a review. J. Controlled Release,
2018.

[212] J.-J. Li, Y.-Y. Yang, D.-G. Yu, Q. Du, X.-L. Yang, Fast dissolving drug
delivery membrane based on the ultra-thin shell of electrospun core-shell
nanofibers. Eur. J. Pharm. Sci., 2018, 122, 195–204.

160



BIBLIOGRAPHY

[213] X. Liu, Y. Yang, D.-G. Yu, M.-J. Zhu, M. Zhao, G. R. Williams, Tunable
zero-order drug delivery systems created by modified triaxial electrospinning.
Chem. Eng. J., 2018.

[214] C. C. Raines, P. H. Starmer, Free flowing particles of an emulsion polymer
having SiO2 incorporated therein. 1991, uS Patent 5,017,630.

[215] J. A. Gonzalez-Leon, S.-W. Ryu, S. A. Hewlett, S. H. Ibrahim, A. M. Mayes,
Core-shell polymer nanoparticles for baroplastic processing. Macromolecules ,
2005, 38 (19), 8036–8044.

[216] H. B. Yamak, Emulsion polymerization: effects of polymerization variables
on the properties of vinyl acetate based emulsion polymers. in Polymer Sci-
ence, InTech, 2013, 35–72.

[217] E. Pungor, G. Horvai, A practical guide to instrumental analysis. CRC press,
1994.

[218] Liquid-applied water impermeable products for use beneath ceramic tiling
bonded with adhesives - Requirements, test methods, evaluation of confor-
mity, classification and designation. Standard, European Standards, 2017.

[219] T. G. Fox, Influence of diluent and of copolymer composition on the glass
temperature of a polymer system. Bull. Am. Phys. Soc., 1956, 1, 123.

[220] P. C. Hiemenz, T. P. Lodge, Polymer chemistry. CRC press, 2007.

[221] Z. Lu, X. Kong, C. Zhang, Y. Cai, Q. Zhang, Y. Zhang, Effect of polymer
latexes with varied glass transition temperature on cement hydration. J.
Appl. Polym. Sci., 2017, 134 (36), 45264.

[222] Z. Liu, H. Xiao, N. Wiseman, Emulsifier-free emulsion copolymerization of
styrene with quaternary ammonium cationic monomers. J. Appl. Polym.
Sci., 2000, 76 (7), 1129–1140.
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