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Abstract

Keywords: Morphology, Polymer, Perovskite, Foam, Bubble.

This thesis centers on the study and the design of novel approaches for
the structuring of polymeric composite films on the micro and nano scales
fabricated through phase separation processes. We investigated the mech-
anisms that governs the morphology build up of a dispersed phase within a
polymeric matrix enhancing the scientific comprehension and thus develop-
ing novel processing tools. Two systems were analyzed, namely polymeric
porous membranes, and a tin-based perovskite-polymer composite.

The gas foaming technique is a facile and scalable method for production
of pores/bubbles in a polymeric matrix. We considered different strategies
to tailor the bubbles morphology exploiting the effect of process parame-
ters, in particular the blowing agent and pressure. The use of a blowing
agent in its liquid state has been explored, exploiting its transition to the
gaseous phase to impose a non-trivial pressure drop reduction. Considering
the effect of pressure, we propose the use of non-trivial pressure treatment,
named inverse pressure quench, designed to manipulate the bubble dynam-
ics. In particular, by releasing the pressure to an intermediate pressure,
it is possible to reduce the bubble growth and prevent impingement, thus
gaining a tool for studying phenomena involved in polymer foaming and,
more generally, in polymer physics. We studied the model PP /Ny system,
and observed bubble growth, Ostwald ripening of close bubbles, bubble
interaction causing shape change (from spherical to polyhedral and wice
versa) up to coalescence, various bubble growth regimes, and bubble rel-
ative position variation due to periodic pressure histories. Our method
deepen the study of fundamental processes involved in foaming and their

application in structuring polymeric materials.



Moving towards the applications, this study investigates the use of physi-
cal foaming techniques for the fabrication of porous polymeric membranes
with nanometric thickness from poly(lactic-co-glycolic) acid (PLGA) thin
films. Employing a gas-impermeable barrier layer, we successfully impeded
gas diffusion out from the sample, forcing the cellular structure formation.
The results highlight the impact of nanoscale confinement on morphology
and the procurance of early coalescence. Thus, we propose the so called
Coarsening Driven Gas Foaming technique, which consists in controlling
the cells coarsening as a tool to produce larger, open cells, without com-
promising film stability.

The thesis then extends its attention to tin halide perovskite films for so-
lar cell application, emphasizing the need for morphological control of the
crystals structure to enhance optoelectronic quality and long-term stability.
We showed that the addition of a pyridine-based polymeric additive can
slow down the crystallization process, leading to the formation of crystals
encapsulated in a polymeric matrix, namely a perovskite-polymer com-
posite film. Finally, the combination of the pyridine-based polymer with
the corresponding small molecule enabled adjustment of the crystallization
process, while keeping the polymer content minimal, facilitating electrical
transport between the perovskite grains and proving effective in enhancing
the power conversion efficiency of the solar cell perovskite devices.

This research deepens the analysis of mechanisms driving morphology build
up during phase separation process. By leveraging the study and engineer-
ing of different systems, resulting in innovative processing tools that open

new avenues for fabrication of structured materials.
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Chapter 1

Introduction

1.1 Introduction

Phase separation from a single-phase mixture is exploited for the pro-
duction of a wide range of structured materials, such as foams [1], poly-
meric membranes [2], semiconductors [3], liquid crystals [4], and nanocom-
posites [5]. When an homogeneous phase becomes metastable, the se-
quence of events that characterize the formation of a new phases, regard-
less its physical state, is: (i) nucleation, which is the formation of small
stable particles of the new phase, called nuclei [6, 7, 8], (ii) growth, where
these nuclei expand [9, 1], (iii) and coarsening. The latter involves the
coalescence, when neighboring particles or bubbles merge [10], and the
Ostwald ripening, when smaller particles dissolves in favor of the growth
of larger ones [11, 12]. Although classical phase separation theory qualita-
tively describes different systems, each phase separation process is different
according to the specific nature of the materials involved (e.g. liquid-gas,
liquid-solid, liquid-liquid, ...). In fact, in each case a different phase for-
mation step limits or drives the overall process and a proper description
is required. For example, in liquid-gas systems, a primary objective is to
maintain the structure established during bubble nucleation and growth,
which is undermined by the easy occurrence of bubble coalescence, which
inevitably leads to structural collapse [13, 14]. On the contrary, in the
precipitation of a solid phase from a liquid solution, the coarsening step is
very slow and often requires energy to occur within a reasonable process-
ing time [15]. The growth stage is also peculiar in the case of solid phase
formation (different for a gaseous phase), as it is affected by the lattice
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constraints that govern the ordering of atoms according to the Wulff con-
struction, which make the growth directional in preferred crystallographic
orientation [16, 17, 18]|. These specific aspects, related to the nature of
each phase, consequently influence the design of the phase separation based
processes. In some cases, certain phenomena are minimized or completely
suppressed, in other cases they are emphasized in order to accelerate the
kinetics of the limiting steps, thus maximizing their effect in structuring
the material. The possibility of enhancing and refining the nowadays es-
tablished processes can allow for the fabrication of advanced products, as
well as making the novel design process more repeatable, simple and scal-
able. This requires a deeper understanding of the phenomena governing
the phase separation with respect to each system along with new inspira-
tions. In this context, the study of apparently different systems, based on
the same (or similar) governing rules, proves fundamentals in developing
novel processing tools.

1.1.1 Polymer physical foaming

Polymer physical foaming is a scalable, efficient and versatile technol-
ogy that is widely used to produce lightweight, porous polymeric materials
[1] used in consumer and industrial products such as packaging, thermal
insulation, impact protection, cushioning and sporting goods [19, 20, 21].
Moreover, this approach is gaining interest due to its environmental ad-
vantages over chemical foaming techniques, along with the capacity to
adjust the process to customize the final product properties by tailoring
the bubble morphology [20]. Among the different technologies to produce
a polymeric foam by physical foaming, namely extrusion [22], injection
moulding (23], and steam chest moulding [24], the batch foaming is the
appropriate technique to study and develop novel processes and process-
ing tools. It is mainly used for research purposes on a laboratory scale, it
is versatile and easy to adapt and allows a fine control of the processing
variables [1, 25, 26]. This process involves the dissolution of a physical
blowing agent (BA) in a polymer matrix, forming a polymer/BA solution,
than, by creating a thermodynamic instability, the dissolved gas separates
forming bubbles or diffuses out from the polymer matrix. In details the
Batch foaming process proceeds as follows: (i) dissolution of the blowing
agent (BA) at high pressure (ii) fast depressurization that bring the system
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Figure 1.1. Processing stages of a typical physical foaming processes. Re-
produced with permission [1]. Copyright(©)2021 Elsevier B.V.

into an over-saturated state (iii) phase separation through nucleation and
growth of the bubbles into the polymer matrix (iv) setting of the foamed
structure [1] as schematically described in Figure 1.1.

The formation of the polymer/BA solution basically depends on the
diffusivity and solubility of the BA with respect to the polymer, which
depends on the molecular architecture and on the chain configuration and
interactions of the polymer and the BA [27]. The bubbles formation pro-
cess, from their nucleation to growth and setting, is more complex and
involves the rheological, interfacial and thermal properties of the system
[28, 29, 30, 31, 32]. These suggest the main processing parameters, which
are temperature, which primarily affects the system viscosity, pressure [1],
which regulates the BA concentration, pressure drop reduction and the
type of BA, which mainly affect the nucleation step [33, 27|. In Chap-
ters 2 and 3, an in-depth analysis of the effect of foaming parameters and
the physics governing the physical foaming is carried out. Eventually new
strategies and novel approaches are presented.

1.1.2 Strategies for bubble morphology control in poly-
meric foams

The physical foaming technique has the potential to broaden its range
of applications, considering the production of biomedical scaffolds [34],
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filtration membranes [2], drug delivery systems [35], photonic devices [36],
and templating supports [37]. The main limitation is the need for a very
precise tailoring of the bubble morphology, in terms of bubble number
density, bubble size and bubble size distribution, bubble shape, spatial
distribution and structural characteristic, as depicted in Figure 1.2.

Several strategies are reported in the literature to control the bubble
morphology produced via physical foaming, from the easiest to the most
complex ones. Simple modulation of the main process parameters, such
as temperature, pressure, pressure drop rate and BA type, allows a facile
adjustment of the product density and of the number of bubbles and the
mean size |1, 40, 41, 27]. Although the tuning of these parameters is very
effective, they do not allow a fine control, and novel strategies, considering
the simultaneous effect of multiple parameters, as well as a complex vari-
ation of the single ones, have been proposed.

The simultaneous use of multiple blowing agents is a promising ap-
proach for controlling the bubble number density, size, and size distribu-
tion [41, 42, 43]. For example, the effect of CO2 and Ng together promotes
bubble growth and nucleation respectively, allowing refinement of the final
morphology [27]. Additionally, strategies to produce a bimodal size distri-
bution of bubbles were presented in literature. Cheng et al. [44] produced
polymeric foams with bimodal cell distribution leveraging the heteroge-
neous nucleation effect of nano-particles, while, Ma et al. [45] employed
a two-step pressure reduction process to produce bimodal polycarbonate
(PC) foams with both small and large cells.

Among the pores spatial distribution control strategies stands the so-
called "graded technology", firstly proposed by Trofa. et al. [46] in which
a local morphology control is obtained by imposing a non-equilibrium con-
centration profile of blowing agent. This technique is very effective in
controlling the spatial distribution of bubbles, especially with respect to
the mechanical properties of the final products [47, 48].

The morphology control achieved by these techniques is not enough pre-
cise, in fact the bubble size distribution remains corse, lacking in a detailed
control over each single bubble and structural characteristics (i.e. bubble
relative position, ordering), making the aforementioned approaches not
sufficiently advanced for the previously mentioned applications. Further-
more, when considering nano-structured systems, such as nanoparticles,
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Figure 1.2. Polymeric foam morphology parameters with visual examples.
Reproduced with permission [38]. Copyright(©)2006 The Royal Society of
Chemistry. Reproduced with permission [39]. Copyright(©)2003 Materials Re-
search Society.
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fibers or thin films, the conventional foaming strategy is not sufficient.
A strategy to produce bubbles in a sample with at least one micro- or
nanometric characteristic dimension, involving the use of a gas barrier to
prevent gas escape, has been proposed [49, 50]. Li et al. [51| proposed
a method to produce a nano-cellular polymer thin film with supercritical
COg, Siripurapu et al. [52] used a CO2 impermeable barrier attached to
the thin film surface of poly-methyl methacrylate (PMMA), and Orsi et
al. [53]| created hollow nanoparticles by gas foaming, including the raw
particle in a polymer matrix with very low COq diffusivity. Furthermore,
The geometric constrain of such samples (i.e. thin films, fibers, nanoparti-
cles) facilitates morphology control by reducing the dimensionality of the
system, but further studies have to refine these processes.

1.1.3 Tin based perovskite solar cell

Perovskite materials have gained significant attention in recent years
due to their exceptional optoelectronic properties, making them ideal can-
didates for applications in solar cells [54, 55], light-emitting diodes [56],
and other energy-related devices [57, 58|. Organic-inorganic halide per-
ovskite attracted attention due to their ease of manufacture [59], panchro-
matic absorption of sunlight [54, 60|, and long carrier diffusion length [61].
Furthermore, in recent years, perovskite has been used to produce high-
performance solar cells with recorded power conversion efficiencies exceed-
ing 20% [62]. Although perovskite solar cells have many benefits, one of
the key obstacles to their broader adoption is the use of lead (Pb) in their
composition. Pb is a toxic heavy metal that presents serious environmental
and health hazards. If not carefully controlled, Pb into photovoltaic sys-
tems can seep into the environment, contaminating soil and water, which
can harm wildlife and pose risks to human health [63].

The option that has attracted considerable interest is the use of tin-
based perovskite materials. Tin (Sn) perovskites are seen as a promising
alternative to lead-based perovskites because they have comparable elec-
tronic properties and are less toxic [64]. However, the use of Sn perovskites
presents significant challenges related to the ease oxidation of tin from its
divalent Sn(II) state to tetravalent Sn(IV) and the rapid non-radiative re-
combination of charge carriers [65]. Oxidation is primarily due to exposure
to oxygen and moisture |66, 67|, while morphological defects, such as in-
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terstitial tin, and lattice misalignment cause carrier recombination [68, 3.
Hence, to achieve high-performance perovskite devices, it is fundamental to
passivate and control the morphological properties of the perovskite film
[69, 70], namely atomic vacancies and interstitial, lattice misalignment,
grain boundaries, pinholes, grain size, and surface defects (Figure 1.3)
[71].

1.1.4 Solution processing perovskite thin film

The perovskite films are mainly prepared by solution processing, which
allows precise control over the perovskite composition and, potentially, over
the microstructure and crystals dimensionality, which is essential for opti-
mizing stability and optoelectronic performances [72]. The process involves
spin coating of the precursor dispersion to form a wet thin film, which
then evolves into a solid film as the solvent evaporates. Crystal formation
is initiated during the spin coating process as the precursor concentra-
tion increases, leading to crystal nucleation and growth 73] (Figure 1.4a).
Finally, during annealing, the residual solvent evaporates, facilitating fur-
ther crystal growth and coarsening through Ostwald ripening, leading to
a dense and uniform crystals grains layer [74] (Figure 1.4b).

The main challenge in controlling the morphology is the fast and un-
controlled crystallization of the organic-inorganic tin halide perovskite. In
fact, the strong Lewis acidity of Sn(II) causes a fast reaction with the
organic halides (FAI), thus a fast nucleation of the perovskite crystals,
leading to chemical heterogeneity, formation of pinholes, grain boundaries
and crystal defects (Figure 1.3), according to the LaMer model |75, 76].

Moreover, several aspects have to be taken into account. In fact, the
effect of the complexity of the system, such as the colloidal nature of the
system as well as the multiplicity of additives, is not fully understood, and
new approaches of non-classical nucleation in combination with classical
nucleation theory open a variety of possible nucleation and growth path-
ways [9, 77] (Figure 1.5).

1.1.5 Strategies for perovskite crystals morphology control

In the past years, several strategies have been employed to control the
crystallization dynamic, as well as to avoid the oxidation of the tin based
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orientation

pinholes

Figure 1.3. Perovskite crystals morphology characteristics with visual exam-
ples. Reproduced with permission [71], Copyright(©)2021 Wiley-VCH GmbH
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perovskite, such as, solvent engineering, additive engineering, or process
engineering.

The interaction between the solvent and precursor plays a key role in
reducing the crystallization rate, as it forms complexes with Sn(II) ions and
consequently limits accessibility to the organic halides. For this purpose,
polar aprotic organic solvents are used to process the perovskite precur-
sors. These solvents help stabilize the colloidal perovskite nanoparticles
[78, 79] and create a stable intermediate phase, effectively slowing down
the crystallization kinetic. Firstly, the strategy used for lead-based per-
ovskite was adopted, due to the chemical similarity between Sn(II) and
Pb(II), using dimethyl sulfoxide (DMSO) as a solvent for tin-based per-
ovskites. However, there are two main issues in using DMSO to produce
tin perovskite thin films. The first is the faster crystallization kinetics of
Sn-based perovskite compared to its lead counterpart. This is not related
to the different propensity of Sn(II) to react with organic halides, which
is weaker, but rather to solvent-solute interactions. In particular, DMSO
exhibits weaker coordination with tin ions, leading to accelerated crystal-
lization kinetics [80]. The second issue arises from the solvent-induced
oxidation effect of DMSO, which leads to the oxidation of tin to Sn(IV),
hence affecting the final properties of the device [81]. In order to use a
different solvent system, Di Girolamo et al. [82] provide an exhaustive
analysis of solvents, creating a valid playground of alternatives. The use of
antisolvents has also been extensively analyzed as it allows external con-
trol over the occurrence of nucleation. Their use allows the production of
smooth perovskite films with high surface coverage [83, 84| with the ab-
sence of pinhole [85].

Considering the additive engineering, an effective strategy was the in-
troduction of nucleation sites using chloride or fluoride additives to reduce
the crystallization rate, resulting in a better coverage of the substrate
[86, 87|. Other effective additives are those that can form Lewis acid-base
adducts, such as m-conjugated Lewis bases [88] and Lewis base polymers
[89, 90|, or those that can form hydrogen bond interactions [91] which al-
lows for the production of more stable perovskite films, with a reduced
amount of pinholes. The use of additives can also affect crystal growth.
For instance, the so-called oriented attachment has been induced using 2-
phenoxyethylamine bromide (POEBr) that template the crystal growth in
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a preferred direction, in opposition to the classical monomer-by-monomer
addition [92].

The effect of process parameters, such as the temperature of the pre-
cursor solution [93] has also been explored, demonstrating the strong effect
on the grain size and surface rugosity of the film. Additionally, the use of
templates or scaffolds has been tested to drive the growth gaining more
uniform crystals grains [94, 95, 96|, and to protect the crystal grain from
atmospheric oxidation, covering them with a protecting layer [94].

1.2 Aim of the study

The development of novel methods for structuring soft composite film
on the micro and nano scale, produced via phase separation processes, is
herein proposed. To this purpose, a deeper understanding of the physics
and chemistry that govern the morphology build-up during the phase sep-
aration is required, together with the implementation of novel processing
tool design with a multidisciplinary approach. Two apparently different
systems, that can be described by the same classical theory, are analyzed:
polymeric porous membranes, and tin based perovskite-polymer compos-
ite.

The first part of this study aims to exploit the physical foaming pro-
cess for the production of polymeric porous membranes with a controlled
morphology, namely pore size, shape, spatial distribution, and ordering.
The scale-down of the foaming technology to foam a polymeric thin film is
required to produce a porous membrane. The micro or nanometric char-
acteristic size of a thin film makes the traditional gas foaming technique
unsuitable since the gas, instead of forming bubbles, more easily diffuses
out of the sample. Additionally, we explore the impact of the process pa-
rameter on the bubble morphology. This investigation aims to assess the
influence of a novel category of blowing agents and the application of a
pressure treatment to decouple the bubble nucleation from growth steps,
providing independent control over bubble density, position, and final ra-
dius. Thanks to this technique, an extensive analysis of the physics that
govern the physical foaming is addressed, including the coalescence, Ost-
wald ripening, and shape relaxation stages.

The second part aims to improve the crystallization process as well as
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the final device performance of a tin-based perovskite-polymer composite
film for optoelectronics. The objective is to examine the impact of a poly-
meric additive, considering its effect on the different stage of the fabrication
process. First, we tested the interactions with the perovskite precursors,
than the impact of such an additive on the spin coating process, taking
into account the considerable rise in the solution viscosity. Eventually, the
device performances are evaluated. The analysis of this system highlights
the importance of the nucleation and growth step in the coarsening, paving
the way to design a new formulation that exploits the cumulative effect of
different molecular weight additives, with the same functional group.







Chapter 2

Liquid foaming of
Thermoplastic Polyurethane
with Methylal

The present Chapter is based on a manuscript published
under the title “Liquid foaming of TPU with Methylal”
by L. Miele, E. Di Lorenzo, C. Guissart, E. Di Maio; in
Heliyon, 2024, Volume 10, Issue 12, €32420; DOI:
10.1016/j.heliyon.2024.e32420

2.1 Introduction

Thermoplastic elastomers (TPE) are currently of great interest in the
industry due to their high ductility, resilience, and, most importantly, their
environmentally friendly nature [97, 98, 99|. In fact, they are preferred to
thermosetting elastomers because they are fully recyclable [100].
Thermoplastic polyurethane (TPU), in particular, are a class of linear
segmented block copolymers having hard segments (HS) and soft segments
(SS). HS act as multifunctional tie points functioning both as physical
crosslinks and reinforcement fillers, while SS form an elastomeric matrix
that accounts for the large strain elasticity [99]. The advantage of this
peculiar structure is that, by simply varying the SS-HS ratio, the physical
properties of the TPU can be tuned [101].
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These characteristics make TPU suitable for a wide range of applica-
tions, such as supercapacitor, shape memory, automotive parts, and sensor
[102], but also for packaging, sportswear, insulation, and construction in
the peculiar case of TPU foams. In fact, TPU foams present a series of
non-trivial advantages compared to their unfoamed counterparts, includ-
ing light weight, low thermal conductivity, high strength-to-weight ratio,
and dissipation of impact energy, among others [103].

Thermoplastic polymeric foams are traditionally produced with two
different techniques: chemical foaming and physical foaming [1]. Chem-
ical foaming relies on a chemical reaction to deliver a blowing agent to
the polymer; the reactant can be easily admixtured to the polymer during
compounding but is often unable to give low-density foams [104, 105, 106].
Physical foaming exploits the introduction of a physical blowing agent
(PBA); it requires a special feeding system in the final processing stage,
but can push the limit of the specific polymer to the low-density end
[20, 21, 107]. As a result of the gaseous physical state of the PBA dur-
ing the foaming process, physical foaming is also known as gas foaming
[1]. Gas foaming is common to different technologies, namely batch [108],
extrusion|22|, injection molding 23] and steam chest molding [24|. For this
study we focus on batch foaming, as it is the simplest process for making
foams on the laboratory scale, where small sample sizes, in the order of a
few grams, can be utilized. This technique is based on the use of a ther-
moregulated pressure vessel in which the polymer is placed and the PBA is
subsequently injected at a certain pressure to allow sorption into the poly-
mer. After a polymer/gas solution is obtained, phase separation occurs by
increasing the temperature or quenching the pressure [1|. This technique
is not only very versatile in terms of equipment, but also offers the pos-
sibility of a fine control of foaming variables over a wide range, which in
turn provides a good control of the final density and cellular morphology
of the foam.

The main process parameters are directly suggested by the classical
nucleation theory [109] and include the gas concentration before foaming
(in batch foaming, it is related to the solubilization pressure, if equilibrium
conditions are reached in the sorption process) and the foaming temper-
ature. This set of process variables is completed by the pressure release
history P(t), which can dramatically influence the foaming outcome, es-
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pecially in terms of the final foam morphology. As a consequence, a com-
prehensive analysis of P(t) is essential for gaining deeper insights into the
complex dynamics governing foam formation and structure development.
In the simplest scenario, P(t) is characterized solely by its maximum rate,
referred to as the pressure drop rate (PDR).[33, 30].

On top of that, selection of the PBA is pivotal within this process. In
fact, the chemophysical properties of the PBA determine its solubility and
diffusivity in the polymer, and the volumetric, interfacial and rheological
properties of the polymer/gas solution |27, 41|. Consequently, the choice
of one PBA over the other represents a powerful tool for tuning foam
properties, in terms of both foam morphology and foam density.

Possible PBAs for gas foaming include gases like carbon dioxide and
nitrogen, in subcritical or supercritical conditions, but also low boiling
point liquids, such as pentane, butane, and hydrochlorofluorocarbons [49,
103, 110].

Among these, the use of carbon dioxide as a PBA has gained a lot of
interest over the years and has long been estabilished thanks to its prop-
erties; in fact, it is not considered a contaminating agent, it does not leave
toxic residues in the final product, and it does not cause safety issues.
However, the production of low-density foams with COs still remains chal-
lenging due to its low solubility and high diffusivity [27].

To overcome these problems, mixtures of COs with other BAs have also
been tested. In this case, to achieve the best possible outcome, it is crucial
to separately study the role of each PBA during the foaming process with
respect to the solubility, foaming kinetics, and setting mechanism, and
then design the optimal PBA mixture/recipe [111, 27].

The majority of studies with co-blowing agents deal with the extrusion
process. Salerno et al. [112] used mixtures of COy and ethyl lactate
(EL) to foam polyesters, while Tsivintzelis et al. [113] and Gendron et al.
[111] used mixtures of CO2 and ethanol for foaming of polycaprolactone
(PCL) and polystyrene (PS), respectively. Similarly, in a different work
[43], extruded PS foams were prepared by using a mixture of COy and
2-ethyl hexanol, which acted as an efficient additional plasticizer. Reports
on the use of CO2-H2O mixtures are also present, like in the works by
Zhao et al. [114] and Zhang et al. [115]. The blending of COy with
an alcohol or a ketone was also proposed for extruded PS sheets of high
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compressive strength [116]. In all listed cases, improved foam morphology
uniformity and improved foam density were reported. Nevertheless, studies
on extrusion foaming cannot be easily transferred to batch foaming In fact,
PDR in extrusion is dictaded by the shape of the die and the rheology of
the polymer melt regardless of the nature of the PBA. Fewer studies were
carried out on batch foaming. The use of CO2-toluene mixtures [117] and
n-pentane (nC5)-CO2 and cyclopentane(cC5)-COy mixtures [118] on PS
was reported [117, 118]. The results suggest that pre-impregnating PS
with a blowing agent in its liquid state before the COs batch foaming
enhances COg solubility and lowers the glass transition temperature (Ty)
of the system, giving higher foam porosity, without modifying the polymer.
Similarly, Xiaoqin et al. [119] observed that PP foams blown with a COs-
n-pentane mixture in batch foaming exhibit a lower foaming temperature,
a higher expansion ratio, and a lower cell density relative to those blown
with COs alone because of the different gas solubilities of the blowing
agents.

As an alternative, the use of low boiling point liquids alone, like pen-
tane and butane, has also been tested, even if no direct comparison with
the other mentioned techniques has ever been reported. In the work of
Tuladhar and Mackley [120], pentane is impregnated in the polymer melt
and then allowed to nucleate and evaporate through a rapid pressure drop
to induce phase separation. Effect of foaming parameters such as impreg-
nation time, temperature and sorption pressure on the foaming dynamics
of PS and styrene - methyl methacrylate copolymer were studied using
pentane as the blowing agent by Salejova and Kosek [121] and Azimi et
al. [122, 123]. On the same note, Mostafa et al. [42]| studied experimen-
tally and theoretically PS/n-pentane batch foaming. Despite the valuable
insights provided by the above mention studies, there remains a notable
gap in our understanding regarding the criticalities in using a substance
in its liquid state as a blowing agent. In this chapter we will address the
non-trivial aspects using such a technique, with a special focus on the oc-
currence of phase transition, from liquid to vapor, and vice versa, that
modifies the dynamics of the process.

The possibility of extending the current knowledge about the use of
liquid blowing agents in the context of foaming thermoplastic polymers,
and TPU in particular, is here faced. Indeed, to the best of our knowledge,




2.1. INTRODUCTION

19

no study reports in detail the technological implications of using a BA in
its liquid state, and the pivotal effect of PDR is often neglected.

Several methods have been reported in the literature to prepare TPU
foams, including batch foaming [124], and many blowing agents have been
used, such as the environmentally friendly CO2 and Ny , but also bu-
tane, azodicarbonamide and NaHCO3 [49]. Despite this, the use of liquid
blowing agent in TPU foaming is not yet an estabilished practice. In this
sense, we remark the work by Hossieny et al. [110], where butane as blow-
ing agent in its liquid state was used to produce microcellular TPU foams.
Here, chemical interaction of the liquid with the polymer and consequent
redistribution of the hard segments of TPU were exploited through pro-
duction of crystalline domains that act as nucleating agents.

Dimethoxymethane (Methylal) is a low molecular weight substance
with a low boiling point (42.3 °C) [125]. It is used predominantly as a
solvent and as a building block in organic syntheses [126]. It has been
used as a blowing agent for thermosetting polyurethane-based foams, alone
or in mixtures with 1,1,1,3,3-pentafluoropropane, giving products with
non-uniform cellular structures and inadequate thermal insulating perfor-
mances and compression strengths have been reported [127, 128]. The
use of Methylal as the PBA for the production of any thermoplastic poly-
mer foams has never been reported to this day. In the present article,
Methylal is used as a PBA in TPU foaming. Because of the thermody-
namic properties of the adopted PBA, and its liquid physical state at the
temperatures suitable for TPU foaming processing, a proper design of the
foaming experiments is at hand. These are detailed and addressed in the
study. Preliminary tests are performed on Methylal to study its physical
properties under conditions suitable for TPU foaming. Foaming tests with
Methylal as sole PBA and as a co-blowing agent with CO9 and N are per-
formed to demonstrate its potential to adjust the resulting foam features,
with the aim of providing improved foaming performance. The possibility
of exploiting Methylal to address specifical TPU criticalities, such as its
stability problems [129, 130], is presented.
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2.2 Materials and Methods

2.2.1 Materials

Commercial TPU (Elastollan 45A 12 P, BASF, Ludwigshafen, Ger-
many) was used in the form of pellets, shore hardness 46A, and density
1180 kg/m?>. Before use, the as received TPU was dried in a vacuum
oven at 80 °C for 3 h and then stored under vacuum. COs and Ny
(purity 99,99 %) were supplied by SOL S.p.A. (Monza, Italy). Methy-
lal (Dimethoxymethane, HsCOCHyOCHs, CAS. No. 109-87-5, M = 76.1)
was supplied by Lambiotte & CIE S.A. (Brussels, Belgium).

2.2.2 Experimental setup

Physical foaming of TPU beads was performed by a custom pressure
vessel designed to allow (a) a fine-tuning of the foaming variables (temper-
ature of the expanding matter, pressure and PDR, the latter, especially
toward high values), (b) introduction of liquid PBA, (c) fast extraction
of the foamed sample, and (d) the possibility of visually inspecting the
foaming experiment.

To this end, as illustrated in Figure 2.1, the pressure vessel was equipped
with a total of four connections / ports, as described in detail elsewhere
[25]. A Pt100 temperature sensor (positioned as close to the sample as
possible) is installed through the first port to allow temperature control.
The second port is connected through a "T" fitting to both a pressure
transducer and a manifold for the introduction of the PBA (the manifold
is connected to the PBA dosing system and a vacuum pump, necessary for
pre-treatment of the beads). The third port is used for the introduction of
the beads and is then closed with a 1/2" NPT sapphire window (Precision
Sapphire Technologies Ltd., Vilnius, Lithuania) to allow visual observation
of the experiments. Finally, the fourth port connects to a ball valve (10-80
NFH ball valve, High Pressure Equipment Company, Erie, USA), activated
by an electromechanical actuator, and allows fast and reproducible release
of the PBA. This port is also used to extract the samples rapidly, as the
foamed TPU beads are small enough to be dragged by fluid flow to the
exit [25]. A total of five TPU beads is tested simultaneously in the internal
compartment of the vessel to ensure the distribution of the data acquired
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Figure 2.1. Schematic of the experimental setup used for the liquid and gas
foaming experiments where: (1) indicates the port connected to the termocou-
ple; (2) indicates the port connected to the pressure sensor and the manifold;
(3) indicates the viewing port, with a sapphire window, and (4) indicates the
port used for the release of the PBA and concomitant expulsion of the samples.

from each experiment. The setup thus described works with gaseous and
liquid blowing agents: when using a gaseous blowing agent (CO2 and N,
namely), the second port is connected to the gas dosing system, while
when using a liquid blowing agent (Methylal, namely), it is connected to a
high pressure syringe pump (model 500D, Teledyne ISCO Syringe Pumps,
Thousand Oaks, USA) that is capable of dosing the liquid inside the vessel
at the desired pressure. The liquid is loaded in the syringe pump through
a tube inserted directly into the Methylal bottle, while the piston of the
pump is retracted to suck the liquid.

2.2.3 Liquid and gas foaming experiments

Foaming experiments were conducted in three ways, namely (i) liquid-
vapor foaming, (ii) liquid foaming and (iii) gas foaming, depending on the
physical state of the PBA and desired foaming conditions.

The procedures is: (i) The liquid-vapor foaming technique requires a
PBA under vapor-liquid equilibrium conditions at foaming temperatures.
In this case, the foaming pressure is the vapor pressure. The pre-treated
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TPU beads are inserted into the vessel and kept under vacuum at 80 °C for
1 h to remove the humidity absorbed by the granules during handling. The
liquid blowing agent (Methylal) is then injected into the vessel at ambient
pressure with a pipette through port two. After pressure-tight closing the
vessel, the desired temperature is imposed. At the given temperature, ther-
modynamic equilibrium and the vapor pressure are reached if any liquid
is present. After a solubilization time of 30 minutes, foaming is performed
through a quick pressure drop at a controlled PDR. Here, the solubiliza-
tion pressure corresponds with the vapor pressure. As a consequence, it is
regulated through the choice of the temperature and decoupling of these
two process parameters is not possible. For this same reason, this method
allows only for low-pressure foaming, as the temperatures suitable for TPU
foaming correspond to equilibrium vapor pressures lower than 10 bar (see
sections subsection 2.2.5 and 2.3.1). (ii) In the liquid foaming technique,
pressures are higher than the vapor pressure and the PBA is in the liquid
state. The pre-treated TPU beads are inserted in the vessel and kept under
vacuum at 80 °C for 1 h to remove humidity absorbed by granules during
handling. The liquid blowing agent is then injected into the vessel with
a syringe pump that is capable of imposing a desidered pressure. After a
solubilization time of 30 minutes, foaming is performed through a quick
pressure drop at a controlled PDR. With this method, pressures up to 90
bar were reached. (iii) The gas foaming technique requires a gaseous PBA.
In this case, TPU pellet pre-treatment was the same as described in the
previous case, but the pressure of the gaseous BA, namely CO9 and No, is
here regulated with a carbon dioxide pump (Nex10 Liquid Carbon Dioxide
Pump, Supercritical Fluid Technologies INC., Newark, US) directly con-
nected to the relative gas tank. The solubilization time was 1 hour instead
of 30 minutes depending on the different diffusivities of the gases with
respect to liquid Methylal. This same technique is also used to perform
experiments with mixtures of liquid and gaseous blowing agents (CO2 and
Methylal mixture as well as Ny and Methylal mixture). The preparation
of the mixture is ensured by preliminary placing the pre-treated beads in
a Methylal bath for at least 1 hour before being inserted into the vessel.
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2.2.4 Pressure drop rate measurement

An important control variable of the physical foaming method through
pressure quench is PDR [131]. The characteristic time of the pressure
drop is very short (7pp ~ 1000ms), thus a very high data acquisition
rate is required. For this reason we measured the PDR through a PLC
(SIMATIC S7-1200 CPU, Siemens ,Munich, Germany) with a sampling
rate 7, ~ 1lms. This device registers the pressure values over time and
provides as output a curve P(t). The shape of this curve depends on
test conditions and PBA nature. We used numerical methods to analyze
the P(t) curve and calculate the largest time derivative (PDR). First,
we applied a moving average to smooth out the short-term fluctuations
and highlight the longer term trend. The average involves 99 data points
corresponding to a time interval (10 ms) that is two orders of magnitude
smaller than the characteristic time of the pressure reduction (1000 ms).
Then we applied the midpoint method to evaluate the derivative. This
derivative operation amplifies the noise of the signal, thus a moving average
(99 points) was again applied to smooth out the data. At the end of the
processing, PDR was evaluated as the highest peak value of the -dP/dt
curve. A visual representation of this evaluation is shown in Figure 2.2.
This method proved to be the most efficient among all the tested ones for
PDR evaluation (namely, line interpolation and curve fitting). The main
advantage lies in the independence from a mathematical model to describe
the P(t) curve and from the human bias (on the interval in which the curve
is interpolated). Also, amongst the advantages it stood out that we could
apply this method to any P(t) curve, even when non trivial shapes were
detected.

2.2.5 Liquid-vapour equilibrium Methylal

The vapor pressure of Methylal was investigated in order to avail data
useful for foaming tests [132, 133]. The experiments were conducted in the
above-mentioned mini-batch vessel, which acts as a closed system. For the
scope, this was equipped with a valve for the injection of Methylal in its
liquid state. We used the following procedure. First, we filled the mini-
batch with Methylal in its liquid state at ambient temperature. Then we
increased the temperature to a predefined value (that is, 96, 118, 135 and
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Figure 2.2. (a) Pressure reduction over time; (b) moving average of central
derivative of P(t) (black) and central derivative of P(t) (gray).




2.2. MATERIALS AND METHODS

25

154 °C) and we waited until the gas-liquid equilibrium was reached, that
is, when the temperature and pressure of the system remained stable for
at least 1 hour, with an error of 5%. The pressure value at each condition
was recorded as the vapor pressure of Methylal at that specific tempera-
ture value. For all measurements, the temperature sensor happened to be
submerged in the liquid. Equilibrium parameters value thus found were
used as temperature-pressure conditions to perform liquid-vapor foaming
experiments with Methylal. It is important to note that, before exper-
iments, the cell was evacuated with a vacuum pump, while during the
experiments, the sapphire window was used to check the presence of liquid
inside the vessel.

2.2.6 TPU foam characterization

Density measurements, optical microscopy, and scanning electron mi-
croscopy were used to characterize the TPU samples after foaming. The
density measurements were performed using a density kit mounted on a
laboratory balance (MS104S/01, Mettler Toledo, Columbus, Ohio). The
test standard used was ASTM D792-00: by measuring the weight of the
foamed sample both in air (wg;-) and in water (wyater), density of the
sample is calculated as:

Wos
p = —  x Pwater (21)

Wair — Wyater

For each sample, the density was calculated as the mean of five repli-
cates. Every measurements was made immediately after foaming. Days
after foaming, as also seen elsewhere [134, 129|, shrinkage of the beads was
observed, but this will not be explored in detail in the present chapter. An
optical microscope (Stemi 508, Zeiss, Oberkochen, Germany) was used to
observe the morphology of TPU foams obtained with the liquid foaming
technique, while a scanning electron microscope (SEM Merlin VP, Zeiss,
Oberkochen, Germany) was used to observe the morphology of the TPU
foams obtained with the gas foaming technique, because they had a much
finer morphology. To prepare the optical microscopy and SEM specimen,
TPU foams were cut using an ultrathin stainless steel blade. In the case
of SEM specimens, the cross section was then coated with a thin layer of
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gold using a sputter coater (Auto Sputter Coater, Agar Scientific, Essex,
UK). In the case of SEM, a ten days delay between the foaming experiment
and the characterization caused shrinkage to occur before the images were
collected. Again, this aspect will not be discussed in detail in the present
chapter. Weight measurements of TPU beads were also performed before
and after foaming to collect additional information.

2.2.7 Solubility and swelling measurements

Information about the interaction of Methylal with TPU in terms of
solubility and consequent swelling of the beads was collected by measur-
ing the weight and volume of the beads before and after immersion in
a Methylal bath. Weight measurements were performed with a Mettler
Toledo laboratory balance and then used to evaluate solubility in terms of
weight fraction, z., at equilibrium:

_ wbeads‘tzoo - wbeads‘tzo (2 2)
‘ wbeads|t:0

Where whfethylallt=oo is the weight of the Methylal absorbed inside
the beads after the immersion process and Wpeqds|t—o is the weight of the
beads before the immersion process. Volume measurements were made by
taking pictures of the beads at the times of interest and then analyzing
them with ImageJ [135]. In each image, the "edge detection" and "profile
integration" commands were used to detect the edges of the beads and
subsequently derive the beads volume values. From these data, swelling,
Sw, was evaluated as:

_ Vli=oo — V=0
V=0

Where V|~ and V|;—~ are the volume before and after immersion in
Methylal.

Sw (2.3)

2.3 Results and discussion

First, we will explore the thermodynamic properties of Methylal, the
interaction of Methylal with TPU, specifically in terms of solubility and
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swelling, and the peculiar shape of the pressure drop history noticed while
performing the foaming experiments. Then, we will thoroughly describe
the results of the foaming experiments, for each of the three ways de-
scribed in subsection 2.2.3: (i) liquid-vapor and (ii) liquid foaming exper-
iments with Methylal alone and (iii) gas-foaming experiments with CO2
and Methylal as co-blowing agents. In each case, effect of process pa-
rameters and foam morphology will be presented. The results of foaming
experiments with No alone and N9 and Methylal as co-blowing agents will
not be presented because, in the same conditions used for COs, no foaming
was detected.

2.3.1 Liquid-vapor equilibrium Methylal

The experimental results of the investigation of the thermodynamic
properties of Methylal are shown in Figure 2.3. In the range mentioned
above, the vapor pressure varies from 4.41 to 15.4 bar, consistent with
data from the literature [132, 133]. We can see that the maximum pres-
sure at which we can use Methylal at equilibrium is approximately 9 bar,
as imposed by the maximum temperature at which the polymer can be
processed (polymer melting temperature). As a consequence, the use of
Methylal at higher pressures is possible only in the fully liquid state.

2.3.2 Solubility and Swelling

To test the interaction between Methylal and TPU, solubility mea-
surements were performed. This preliminary study is fundamental to
our research because it allows us to understand Methylal potential as a
PBA (high solubility is required for any substance to be considered a good
PBA). Under ambient conditions, x, = 0.493, and at 5.5 bar and 116.6 °C
xe = 0.744. These values are high enough to demonstrate that Methylal
has the potential to be a good PBA. In fact they are orders of magnitude
higher than the typical solubility values of gaseous blowing agents (namely
Ny and CO32) in TPU [41]. Methylal also shows a strong swelling ability in
its liquid state, with Sw = 69.8% at 45 bar and 131.8 °C. Here, the high
amount of swelling is related to the high solubility of Methylal in TPU.
Finally, the weight of the samples before and after foaming were recorded
and an 11.5% w/w weight loss after contact with Methylal was observed.
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Figure 2.3. Vapor pressures of Methylal. Data represented with the full
circles are taken from [125], data represented with the hollow squares are
taken from [132] and data represented with the hollow circles are taken from
[133].

In fact, it is possible that Methylal extracts low molecular weight fractions
or additives from the granules. This hypothesis was corroborated by the
in-situ observation of the liquid foaming experiments, at the end of which
some material, itself foamed during the pressure release, could be seen on
the surface of the sapphire window, as shown in Figure 2.4. The image
does not represent a clear evidence of this phenomenon, and specific an-
alytical experiments are required to quantify the molecular mass and the
nature of the extracted material. Nevertheless, it is evident that at the
end of the foaming experiment the sapphire window loses transparency, as
a consequence of the presence of traces of material.
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Figure 2.4. Pictures of the sapphire window taken before (a) and after (b)
foaming. Traces of material are visible on the glass surface in figure (b) as
marked by the red dashed outline.

2.3.3 Pressure drop history

PDR is of key importance in foaming because it influences the ther-
modynamic thrust that causes phase separation. We observed a different
behavior with different PBA as reported in Figure 2.5a: for typical gaseous
blowing agents such as COs, we observed a one-step reduction in pressure.
For the liquid blowing agent (i.e., Methylal), we observed a two-step re-
duction in pressure: a fast reduction of pressure, much faster than the
one-step reduction registered with CO29, followed by a slower one. We
infer that the faster PDR observed for the liquid case is due to the negligi-
ble compressibility: with valve opening, the volume available to the liquid
increases causing an immediate pressure drop, only partially sustained by
the liquid to vapor transition.

To support this thesis, in Figure 2.5b - we report the different pressure
reduction curves of different experiments carried out at the same temper-
ature of 132.0 °C and at different solubilization pressures, namely 30, 45
and 60 bar. It is interesting to note that, regardless of the set pressure,
the pressure at which the slope changes is almost the same in all cases and
is approximately 12 bar, which is in the vicinity of the vapor pressure of
Methylal at the test temperature (p = 10.96 bar, T = 135°C). Further-
more, the second slope remains the same for all experiments, with a value
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Figure 2.5. (a) Pressure (normalized by the solubilization pressures) reduc-
tion curves of foaming experiment with gaseous blowing agent (dashed line)
and liquid blowing agent (solid line) and (b) pressure reduction curves of liquid
foaming experiments alone at different values of solubilization pressure.
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of 0.44 bar/s. The advantages of a structured pressure drop was demon-
strated in several works, however, this is usually difficult to obtain because
it requires complex control systems [136, 137|. On the other hand, we were
able to obtain a double slope pressure drop by just exploiting the phase
transition of the blowing agent, which is of great potential in foaming.

2.3.4 Liquid-vapor foaming

This technique does not allow high pressures to be reached and the
pellets do not foam until at least 6.5 bar are reached. Since the solubility is
high enough under ambient conditions to provide formation of gas bubbles,
the failure of these foaming attempts is probably due to low PDR (less
than 18.7 bar/s). Moreover, since the system only works at equilibrium,
temperature and pressure are always coupled, and it is more difficult to
study the effects of all parameters separately. No data will be reported on
these foams due to negligible attained density reduction.

2.3.5 Liquid foaming

The effect of process parameters on the outcomes of liquid foaming
experiments are here presented. Parameters of interest in this study were
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temperature, gas concentration (here, equivalently, solubilization pressure,
as we designed the foaming process to achieve uniform gas concentration),
and PDR. The results are given in terms of the density and morphology
of the final product. First, we examined the effect of temperature at a
fixed pressure of 45 bar, and a variable PDR (Figure 2.6a). As it can
be seen in Figure 2.7a, the density decreases as the temperature increases
until, at approximately 135.0 °C, a minimum of 352 kg/m? is reached,
which is slightly larger than the one produced with a similar technology
by Hossieny et al. [110]. Above 135 °C, the viscosity reduction induces the
foam collapse, resulting in the rise of the density [1|. The available foaming
temperature window at 45 bar is between 123.4 °C and 143.0 °C. Then,
we studied the effect of pressure at a fixed temperature of approximately
132.0 °C and at a variable PDR, depending on the maximum pressure value
(Figure 2.6b). The results are shown in Figure 2.7b. We can see that, at
pressures lower than 6.0 bar and PDRs lower than 18.7 bar/s, foaming
does not occur, confirming the results obtained with the first approach to
the liquid foaming method (see subsection 2.3.4). At higher pressures, the
density is noticeably reduced, reaching values comparable to those obtained
in the temperature sweep experiments. This can also be connected to
the fact that a higher PDR can be reached at higher foaming pressures,
which would confirm the importance of the PDR in inducing foaming. The
morphology of the foamed samples under the different foaming conditions
is shown in Figure 2.8 and Figure 2.9.

As it is visible, the TPU beads (five, in a typical experiment, see section
2.2.2) weld together at foaming in these experimental conditions. Regard-
less of the low quality of the images, the influence of the process parameters
is clear and consistent with the density measurements. When the pressure
is lower than 6 bar and the PDR is lower than 18.7 bar/s, foaming does
not occur, while, at higher PDR, foaming begins to occur (Figure 2.9d-
e-f). The foamed product shows a very coarse morphology with a large
fraction of large bubbles and a small fraction of smaller bubbles. As pres-
sure increases, the bubbles seem to get smaller in dimension. Indeed, the
color of the foam fades towards white as a hint to the reduction of the
bubble diameter. It is worth noticing that in all cases (full temperature
and pressure ranges) the bubble and samples shape is not well defined.
This is probably due to the high solubility of Methylal in TPU and conse-
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Temperature

Figure 2.8. Morphology of the foamed TPU beads at constant pressure (p
= 45 bar) and with varying temperature: (b) 122.2 °C, (c) 128.4 °C, (d) 132
°C and (e) 136.2 °C. Picture (a) is a larger-magnification copy of picture (c)
and shows a sample with a varying morphology from top to bottom. This has
been related to a minor varying temperature inside the vessel.

quent high expansion followed by extreme bubble coalescence and collapse
of the entire foam. This peculiar behavior can be addressed to the effects
of Methylal on TPU, described in subsection 2.2.7. Indeed, the very high
solubility and subsequent swelling are linked to an increase in the mobility
of the HS chains in TPU, which is in turn responsible for an increased
foaming ability [110]. When excessive, this increase in chain mobility, and
subsequent decrease in viscosity, will facilitate the bubble coalescence and
collapse [29, 138]. To avoid this problem, the gas foaming technique with
Methylal as the co-blowing agent was performed, as fully described in Sec-
tion 2.3.6.
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Pressure

Figure 2.9. Morphology of the foamed beads at the end of the liquid foaming
experiments performed at constant pressure p = 45 bar and temperature (a)
T = 120 °C, (b) T = 136 °C and (c¢) T = 150 °C. Morphology of the foamed
beads at the end of the liquid foaming experiments performed at constant
temperature T = 133 °C and pressure (d) p = 30 bar, (e) p) 45 bar and (f) p
= 60 bar.

2.3.6 Gas foaming with Methylal as a co-blowing agent

Gas foaming experiments with Methylal as a co-blowing agent were
performed to reduce the amount of Methylal within the TPU beads and
thus prevent the collapsed morphology typical of liquid foaming experi-
ments. CO2 was used as gaseous BA in a mixture with liquid Methylal.
All experiments were carried out under the same temperature and PDR
conditions (T = 80 °C and PDR = 500 bar/s), while pressure was changed
from 40 to 120 bar to understand its effect on the final foamed product.
The final foamed products were very different from those obtained with
the liquid foaming technique. Indeed, beads welding does not occur; on
the contrary, they stay separated and they also show a noticeably increase
in volume. The effect of pressure on the final foamed products in terms of
the resulting density is shown in Figure 2.10 (blue symbols). As we can
see, as the pressure increases, the density of the foam decreases.

The same study was carried out with Methylal and CO4 alone as BAs
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Figure 2.10. Density of foamed TPU beads at different values of foaming
pressures and with different blowing agents: Methylal (black circles), Methylal
+ COq (red circles) and COg (green traingles).

and the results are compared in Figure 2.10 (black and red symbols, re-
spectively). The minimum density value reached with COs alone is 163
kg/m?3, which is in agreement with the COs blown TPU foams reported
by Jun et al. [139]. It is visible that the technique that uses CO2 and
Methylal as co-blowing agents is superior to gas foaming with CO4 alone
and liquid foaming with Methylal alone. In fact, this technique ensures
the lowest final densities at almost every pressure value, with a minimum
density of 110 kg/m3, so a reduction of almost 40% compared to sam-
ples foamed with CO2 alone. Furthermore, when using the mixture, the
process parameters window is broadened, allowing foaming at lower pres-
sures, as in the case of Methylal alone. The lowest densities are obtained
with the COg/Methylal mixture and prove that adding Methylal induces
an increase of BA availability with respect to CO2 alone. The morphology
of the beads foamed with the COs/Methylal mixture was studied and is
shown in Figure 2.11.
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. (0

Figure 2.11. Morphology of TPU beads after the gas foaming experiment
with the CO3/Methylal mixture (a,b) and with CO2 alone (c,d) as the PBA.
Pictures are taken at the center of the foamed beads (b,d) and on the boundary

(a,c).

This morphology appears to be significantly different from the morphol-
ogy of the beads foamed with the liquid foaming technique (Figure 2.9).
The bubbles are smaller in dimension. Moreover, the bubble walls are
well defined, and neither buckling, nor collapse occur. In general, this
technique significantly improves foam morphology compared to the liquid
foaming technique. The presence of a large boundary region is detected in
which the bubbles appear larger in dimension and less dense (Figure 2.11a).
This probably occurs because of the partial escape of Methylal during CO»2
sorption [46]. Comparison with the morphology of COz-only foamed TPU
beads confirms this hypothesis (Figure 2.11b). Further studies on Methylal
diffusivity in TPU could improve our understanding of dense skin forma-
tion [140]. When COs3 is the sole PBA, the bubbles are larger in dimension
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and less dense, with a more defined bubble wall, just as they appear in the
boundary region of Figure 2.11c-d.

2.4 Conclusions

Methylal proved to be an excellent physical blowing agent for TPU.
It has a very high solubility in the polymer of interest and thus causes a
large swelling of the polymer pellets due to an enhancement in chain mo-
bility. Additionally, a strong plasticizing effect and a low molecular weight
fraction extraction from TPU were detected. When used alone, in its lig-
uid state, a non trivial pressure drop reduction is detected, caused by the
occurrence of phase transition. This proves that a complex pressure re-
duction can be obtained by simply exploiting the nature of the BA rather
than using a regulation system. However, the resulting foamed samples
display moderate densities (i.e., 400 kg/m?>) with collapsed morphologies,
probably due to the extremely high Methylal solubility and swelling abil-
ity. When used in combination with other gaseous blowing agents, namely
COo, improved results are obtained. The densities of the foamed sam-
ples are lower than those reached with the liquid foaming technique (110
kg/m? vs. the above mentioned 400 kg/m?), and the morphologies do not
show collapse. As seen from the SEM images, bubbles are smaller in di-
mension and a boundary region is detected. The results achieved with the
combination of the two blowing agents are also better than those obtained
with gaseous blowing agents alone, namely COs2, both in terms of final
density and foaming window, which means that Methylal highly enhances
the foaming ability of CO2 and could be of help in industrial practices.
Overall, Methylal is applicable in foaming technologies, but further stud-
ies would enhance the understanding of its role as a blowing agent.




Chapter 3

Bubble dynamic manipulation
in polymeric foaming

The present Chapter is based on a manuscript published
under the title “Bubble dynamic manipulation in
polymeric foaming” by L. Miele, A. Abate, K. Taki, E.
Di Maio; in Soft Matter, 2024, 20(44), 8845-8854; DO
10.1039/D4SM01040J.

3.1 Introduction

Bubbles are ubiquitous in everyday life and industry, for example when
embedded in liquid [141] or solid matrices [142] to form foams. The
bubble formation and evolution process, with the stages of bubble nu-
cleation, growth, and stabilization, is central to optimizing processes and
performance. Specifically, bubble growth is a complex phenomenon in
which mass, momentum, and energy are transported in a two-phase, two-
component system comprising many bubbles within a viscoelastic fluid
[143, 144]. In modeling approaches, simplified approximations are nec-
essary to reduce the complexity of the problem and address the lack of
experimental data for specific polymer/blowing agent systems |[1].

From an experimental point of view, monitoring bubble formation and
evolution is required to validate the models. Specifically, concerning poly-
mer foaming, numerous custom apparata for the visualization of bubbles
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have been developed [145, 146, 147, 26]. These systems were designed to
enable the study of different foaming stages, including bubble nucleation in
both homogeneous and heterogeneous cases [148, 29, 149], bubble growth
[30, 150], and eventually, setting or coalescence [29]|. Furthermore, they
have been used to validate various processes, such as the core back op-
eration of injection moulding [151]. While the proposed techniques offer
significant consistency and flexibility, there are some drawbacks. With re-
gard to the study of bubble growth, the time interval during which bubble
analysis can be performed is limited due to the interaction and overlapping
of bubbles in the image. In 2003, Acierno and Grizzuti [152] introduced
the so called "inverse quenching" technique to study rheological proper-
ties of a semi-crystalline polymer at a given degree of crystallization. The
technique exploits the effect of temperature on the dynamics of crystal-
lization to regulate degree of crystallinity of the polymer. By lowering the
temperature, on a molten polymer, they initiate the crystallization, and by
subsequently raising the temperature, they preserve the crystalline phase
in a quenched state and gain the opportunity of long-term study. The
presenter technique somehow resembles and was inspired by the "inverse
quenching" technique using pressure rather than temperature, to quench
bubbles, rather than crystals. In particular, the presented technique will
exploit the effect of pressure over the bubble dynamics, leveraging the
compressibility of the gas within the bubbles and the ability to inflate or
deflate the same. This allows us to control and decouple bubble nucle-
ation, growth, and collapse, hence controlling the bubble dynamics. We
will show how this simple idea discloses a wealth of important outcomes,
together with the abundance of collectable data.

3.2 Materials and Methods

3.2.1 Materials

Isotactic homopolypropylene granules (PP, F-300SP, Prime Polymer
Japan, melting temperature of 165 °C) were compression molded at 230
°C and 10.0 MPa for 10 min, then slowly cooled to ambient temperature
to achieve slab thickness of 0.5 mm. Eventually, 5bmm diameter disks
were formed by punching. Nitrogen with purity >99.999 % was used as a
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physical blowing agent.

3.2.2 Visual observation apparatus

The bubbles dynamics manipulation experiments were performed us-
ing a custom-made visual observation apparatus. The apparatus consists
of a high-pressure autoclave with sapphire windows and automatic valves
to finely control the pressure of the gas, as described elsewhere [153]|. The
PP disk was sandwiched between the sapphire windows, and a 0.5 mm
thick C-shaped spacer fixes the distance between the windows. A cam-
era (EMVC-CB130C3, MISUMI, Japan) with a long-distance microscope
(VH-Z50L, KEYENCE, Japan) was used to capture the bubble evolution.
The autoclave pressure (P) is controlled by two solenoid valves (SSPD-8,
Keihin, Japan) connected to a programmable logic controller (PLC, KV-
Nano, Keyence, Japan) that operated the valves at a response time of 10
ms. In addition, needle valves were used to adjust the gas flows. In a typ-
ical test, after the sample is loaded, the autoclave is purged with nitrogen
and heated to the set temperature (T = 180 °C), which is kept constant
for the duration of the experiment. When the test temperature is reached,
P is brought to and held constant for 60 min at saturation pressure, Pgut,
(in the range 6.5-8.5 MPa), to form a polymer/gas solution in equilib-
rium with the external gas phase. Starting from equilibrium conditions, a
general pressure treatment is shown in Figure Figure 3.1. Here, after sat-
uration, the pressure treatment starts with a pressure quench to nucleate
bubbles, from Ps,; to the nucleation pressure, P, (details are reported
in subsection 3.3.1). After a certain time, t,,., the pressure is slightly
increased to Pipyerse, in order to control the bubble growth stage, in fact,
decoupling the growth from the nucleation stage. The pressure is main-
tained constant for a sufficient period of time, designated as tyrouih, during
which various bubble dynamics can be observed and modeled (details are
reported in subsubsection 3.3.2). Eventually, to tailor the bubble mor-
phology, in some experiments pressure is periodically changed in a range
from Pgoyn t0 Puyp, Neyele times, with a period t; (details are reported in
subsection 3.3.3).
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Figure 3.1. Visual observation apparatus scheme, with the pressure vessel
and the details of the sample between two sapphire windows, the light source
at the bottom and the camera above (left); general pressure treatment (right).

3.2.3 Image analysis

Using ImageJ (FLJI) software [154|, the images were binarized, then
the "fill holes" and "watershed" functions were used to erase the light
reflection inside the bubbles and to separate the overlapped bubbles, re-
spectively. The bubble properties were then quantified using the "analyze
particle" tool (considering bubbles as particles). The resulting details of
the bubbles are: the area (A), the major radius (Rmax) and the minor
radius (Rpyin) - the primary and secondary semi-axis of the best-fitting
ellipse, their average (the bubble radius, R), the coordinates of the center
of mass of each bubble (X, Yasi), the distance between two bubbles (d),
and the roundness (RN D), defined as:

4A
TR2

max

RND = (3.1)

As we are interested in studying each and every bubble separately, all
the data collected in the previous operation were analyzed with a custom-
made MATLAB script to track the bubbles, thus measuring the time evo-
lution of the details listed above.
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3.3 Results and Discussion

3.3.1 Bubble number density

We use the pressure quench technique to induce bubble nucleation.
From Pgy, P is rapidly reduced to the nucleation pressure, P,qq. As ex-
tensively reported in the literature, the driving force for bubble nucleation
is the associated gain in the volumetric Gibbs energy|l|, AG. According
to the classical nucleation theory [155], in the simple case of homogeneous
nucleation,

16773
3(Psqr — P())?’
where 7 is the interfacial tension and Ps,; — P(t) is the pressure reduction.

Given AG, the number of stable nuclei that form per unit volume and
time, the nucleation rate, J(t), reads [156]

AG = (3.2)

_ -AG\ —1677°
50 = Cotvess (27 ) = oo (i pe ) (39

where Cy is the concentration of gas within the polymer matrix, fq is
a frequency factor for gas molecules that describes the rate at which the
nuclei with critical radius are transformed into stable bubbles [157], &y, is
the Boltzmann constant, and T is the temperature. By integrating the
nucleation rate over time, we obtain the total number density of bubbles,
Niotal, which can be expressed as a function of the pressure reduction, as
proposed by Goel and Beckman [156]:

= [ a2 (3.4
Nttl—/Jtdt—/ J)———. 3.4
o to Psat (dP/dt)

Niotal can be measured (at least, estimated), for example, by looking
at the cross section of a foam, and Eq. 3.4 can be experimentally vali-
dated. For example, several authors have reported an exponential increase
of Niotal with an increase of Pg,t, when quenching to ambient pressure and
the other processing variables are kept constant [156, 147, 30]. Herein, to
vary Niotal, we modulate Py at constant Pg,e, instead of changing Pg,t.
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Figure 3.2. Bubble number density vs. pressure reduction at a fixed Pg,; =
8.1 MPa. Scale bar is 1000 pm.

Specifically, for the sake of clarity, Pyue varies from ambient pressure to
any higher pressure. Figure 3.2 reports the effect of the pressure reduc-
tion (Psat — Ppuct) on Niotal at fixed Pgyy = 8.0 MPa, T = 180 °C and
pressure drop rate of 500 MPa/s. As expected in view of Egs. 3.2-3.4, the
adjustment of P, in the present chapter proves to be an effective tool to
control bubble nucleation and allows us to design the pressure treatment

required to achieve the desired bubble morphology, as described in the fol-
lowing sections.

3.3.2 Bubble growth manipulation

Following nucleation, the evolution of bubbles is driven by the pressure
difference between the bubble pressure (Py,;) and P, as well as interfacial
and viscoelastic forces. The multitude of nucleated bubbles, with a variety
of sizes, relative distances, shape, and gas concentration profiles, creates
a rich landscape of behaviors and phenomena that can be simultaneously
observed and studied. For example, Figure 3.3 provides a (partial) glimpse
of the observable phenomena. In particular, we observed various growth
regimes of isolated bubbles (a), Ostwald ripening (b), bubble coalescence
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(c), and bubble interaction causing shape changes (d). As reported in
previous works which made use of visual observation apparata [26, 29, 150],
the extent of bubble growth eventually (quite rapidly) leads to interactions
and overlap among bubbles, in fact terminating the visual observation
experiment. To avoid such a scenario and maintain a long-lasting bubble
playground, it is sufficient to reduce bubble growth. As described in detail
in the next section, increasing the pressure may serve this purpose.

Inverse pressure quench treatment

The inverse pressure quench treatment consists in a pressure increase
(from Ppyuc; t0 Pinverse, With Pryc < Pinverse < Psat) after the first pres-
sure reduction responsible for the nucleation stage, with the objective of
reducing the bubble growth by exploiting the compression of the gas in the
bubble and the mass transport of gas from the polymer/gas solution to the
bubble or vice versa. The latter depends on the gas concentration profile
around the bubble and the boundary condition at the bubble radius dic-
tated by Ppyup and at the outer disk surface dictated by P [30]. Figure 3.4
shows an example of an inverse pressure quench treatment with its effect
on the kinematics of R over time. We can identify three growth dynamics
corresponding to the pressure variation: (I) first bubble growth following
pressure quench (with a lag time for the first bubble observation); (II)
pressure increase and corresponding bubble size reduction; (III) second
bubble growth at rather constant pressure. Following the appearance of a
bubble, a concentration gradient is formed in the polymeric matrix that
maintains the gas flow to the bubble [144|. With the increase in pressure
from Ppye t0 Pinverse, the bubble volume reduces, and a new boundary
condition is established that defines a non-trivial gas concentration profile,
enriching the possible evolution scenario.

In Figure 3.5 we can compare the effect of the inverse pressure quench
treatment (Pyq = 8.0 MPa, P,,q = 2.8 MPa and Pijpyerse = 4.2 MPa -
red curve and red-framed image in Figure 3.5) with two pressure quench
treatments (without the inverse pressure quench): one quenching from Py
= 8.0 MPa to P,yq ~ 0 MPa (black curve and black-framed image in Fig-
ure 3.5) and one quenching from Py, = 8.0 MPa to Pye = 4.2 MPa (blue
curve and blue-framed image in Figure 3.5). For each pressure treatment,
the bubble images at t = 20 s are reported. It is quite evident that the
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Figure 3.3. Bubble images reporting four different phenomena, namely,
(a) diffusion driven bubble growth; (b) bubble dissolution caused by Ostwald
ripening; (c) bubble coalescence; (d) bubble shape variation as a consequence
of bubble impingement. For each phenomenon the left images report two sub-
sequent frames separated by an arbitrary time interval. On the right, the
representative parameter evolution. Scale bar 500 um.
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Figure 3.4. Inverse pressure quenching treatment: imposed pressure history
(red) and bubble radius evolution (black); three different growth dynamics
regimes corresponding to the pressure variation can be identified: first bubble
growth (I), size reduction caused by the pressure increase (II), second bubble
growth (III).

large pressure drop from 8.0 to 2.8 MPa (black) is responsible for the nucle-
ation of a large number of bubbles and their rapid overlap due to growth,
impeding long-term growth study. Reduction of pressure quench from 8.0
to 4.2 MPa (blue) induces the nucleation of a small number of bubbles,
too small to get a wide perspective of the different growing behavior and
coupled phenomena. Instead, the pressure quench treatment allows the
formation of a large number of bubbles (comparable to the case of the 8.0
to 2.8 MPa drop - black) but the subsequent pressure increase impedes the
bubbles overlapping and allows long-term growth monitoring. The value of
inverse pressure quench treatment emerges with the use of two additional
examples (Figure 3.6). In a first example, to study a system with virtu-
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ally all isolated bubbles, we can induce the nucleation of a small number
density of bubbles (see subsection 3.3.1) and then use the inverse pressure
quenching treatment to keep them small so that the average inter-bubble
distance is larger than the bubble radius (Figure 3.6a). Figure 3.6b reports
the temporal evolution of R for 3000 s. To the best of our knowledge, this
is the first reported experiment in which bubble growth in polymeric foam-
ing is observed for so long, allowing for a thorough study of the growth
phenomena.

In a second example, to study a system with interacting bubbles, we can
induce the nucleation of a larger number density of bubbles, and then use
the inverse pressure quenching treatment to prevent bubbles overlapping
in the image. In this case, a long-lasting bubble observation (Figure 3.6¢),
allows the study of the mechanical interaction (leading to impingement,
shape variation, Ostwald ripening or coalescence, as will be detailed in the
following (Figure 3.6d).

While in the first example (Figure 3.6a,b), the undisturbed growth of bub-
bles with a relatively narrow size distribution can be monitored for hours,
in the second example (Figure 3.6¢,d), the wealth of different observable
phenomena is evident: coalescence (underlined by the presence of peaks in
the curves, as in Figure 3.3c), Ostwald ripening (underlined by the pres-
ence of monotonically decreasing curves - as in Figure 3.3b), as well as
growth and shape change, all concurrently occur.

In fact, the inverse pressure quench technique proves to be an effective tool
for decoupling nucleation from growth, for regulating the average value of
R, and for preventing bubbles from overlapping. This allows us to study
growth and to interrogate and validate the growth, impingement, ripening,
and coalescence models. Finally, we foresee the use of such an experimen-
tal platform for the characterization of the properties of the polymer/gas
system relevant to foaming and to derive constitutive models.

Focus on bubble growth

The bubble growth phenomenon consists in the bubble volume varia-
tion over time. The driving force for growth is the difference Py, — P [30].
As mentioned in subsubsection 3.3.2, a change in P causes the gas in the
bubble to expand (or shrink, depending on the sign of the pressure change)
against the inertial, the Laplace, and the viscoelastic forces exerted by the
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Figure 3.5. Pressure history of the inverse pressure quench treatment (red)
and comparison with two simple pressure quench treatments (black and blue)
and images of the sample at a t = 20 s. Scale bar is 1000 pm.

surrounding polymer /gas solution. Furthermore, mass transport of the gas
solubilized in the surrounding polymer/gas solution is involved in equili-
bration of the resulting changes in the boundary conditions at the bubble
surface and the disk surface.

Several models have been proposed in the literature to describe the
dynamics of bubble growth in the case of isolated as well as of multiple
bubbles [158, 30, 145, 31, 32, 159]. In order to support our experimental
evidence and help the discussion, it is worth describing a simplified model
that fits our case. The experimentally observed characteristic growth time
is 0(10? s), while the relaxation time of the polymer is &'(10° s) (see Ap-
pendix A). We may hence neglect the elastic contribution of the polymer
response to deformation. The characteristic strain rate can be experi-
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Figure 3.6. Inverse pressure quenching treatment outcomes. (a) Image of
the sample after 25 s from inverse pressure quench (Ps,¢ = 8.1 MPa, Ppye =
2.3 MPa, P;,yerse = 4.8 MPa) for isolated bubbles system. (b) Corresponding
bubble radius evolution for all of the bubbles appearing in the image. (c)
image of the sample after 25 s from inverse pressure quench (Ps,; = 7.3 MPa,
Pruct = 1.8 MPa, Piyerse = 2.3 MPa) for interacting bubbles system. (d)
Corresponding bubble radius evolution for all of the bubbles appearing in the
image. Scale bar is 1000 pm.
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mentally evaluated as R/R = ¢(1072 s~!) and, based on the flow curve
reported in the Appendix A, we can assume Newtonian behavior, with
viscosity = 10*Pa s. Finally, inertial forces F; = 4mpR2R? are negligible
with respect to the others. From the momentum balance, in a spherical
coordinate system with the origin in the center of the bubble, the one-
dimensional ordinary differential equation describing the evolution of R
reads:

d}jlit) = ]Z(;) (Pbub — P(t) - R2(7t)> (3.5)

Where Py, can be evaluated considering the mass transfer at the bub-
ble interface derived from the mass balance:

oc
= AnR’D—
> mh or

d <47r R Pouy

dt\ 3 R,T (3:6)

r=R

Where R, is the gas constant, c is the gas concentration and D is the
diffusivity of the gas with respect to the polymer. The gas concentration
profile is evaluated, according to the Fick’s law, as follows:

dc 1 0 [ 50c

This model assumes the initial bubble radius (Rp) as the hypothetical
radius of a stable nucleus [30, 159, 28|. The experimental validation of
this assumption is not trivial, as is the measurement of the radius of a gas
nucleus. After applying the inverse pressure quench treatment, we are able
to stabilize the growing bubble radius over time by keeping the system at
constant pressure Pjperse (Figure 3.6a-b). Starting from this point, we
can manipulate the bubble dynamics by modulating P. In this way, we
can study the growth dynamics decoupled from the nucleation.

An example is shown in Figure 3.7, in which the effect of the modula-
tion of P on the bubble dynamics is reported. The graph reports the value
of R over time for a bubble Ry =~ 160 pum, previously stabilized using the
inverse pressure quench technique (see Paragraph Inverse pressure quench
treatment). By decreasing the pressure from Pj,yerse t0 Pyown, R increases
accordingly. After P reaches the set value, the bubble growth proceeds.
Furthermore, increasing the pressure from Py, to Py, IR decreases, fol-
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lowing similar, although mirrored dynamics.
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Figure 3.7. Effect of bubble pressure on bubble growth dynamics. Imposed
pressure history (red) and bubble radius evolution (black). The bubble inflate
or deflate when the pressure is reduced or increased.

The observation of bubble growth dynamics over a long period unveils
a rather unexpected behavior. After the pressure variation, R evolves to-
wards a stable value in a non-monotonic way, going through a maximum
or minimum value depending on the pressure change sign (negative or
positive, respectively). More studies are required to investigate this phe-
nomenon, not excluding the effects of multiple-bubble interaction. Finally,
the possibility of manipulating the growth rate and thus the deformation
rate of the polymer/gas solution surrounding the bubbles is considered with
the aim of exploiting the treatment for measuring the physical properties
of the polymer/gas solution involved in the growth dynamics, listed in Egs.
3.5-3.7, as proposed in the work of Garbin and colleagues [143, 160]. For
example, Figure 3.8 shows the effect of the pressure variation rate on the
bubble growth dynamics, for treatments where the pressure is reduced at
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various rates, from 0.002 MPa s! to 5.0 MPa s'. Here, R is normalized
with the plateau value of R long after the pressure variation (R ). Specific
studies devoted to the implementation of the proposed treatment for the
characterization of the polymer/gas solution are required, which is outside
the experimental and theoretic scope of this study.

5. —— 50 MPas™
. o 02 MPaS’l
E AN —-— 001 MPas®
\ N -1
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EREE LI
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Figure 3.8. Effect of pressure variation velocity on bubble growth dynamics.
Imposed pressure history (red) and bubble radius evolution (black).

Focus on Ostwald ripening

Ostwald ripening is the phenomenon in which a small particle dissolves
at the expense of the growth of larger surrounding particles [161]. The
driving force is the concentration gradient that arises as a result of the
difference in surface curvatures. In the case of gas bubbles, the pressure
inside the bubble changes with the curvature (Laplace’s law), resulting in a
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proportional change in gas concentrations at the bubble interface (Henry’s
law). This local change in the gas concentration causes the gas to dif-
fuse through the polymer/gas solution from the smaller bubble toward the
larger ones, eventually inducing the dissolution of the former. As a final
result, Ostwald ripening causes the bubble size distribution to coarsen over
time. The mathematical description of Ostwald ripening was first proposed
by Lifshitz and Slyozov [162] and independently by Wagner [12], today re-
ferred to as the LSW theory [11], and used mainly to describe solid particle
systems[5]. With respect to gas bubbles, Lemlich et al. [163] modeled the
coarsening of bubbles in gas-liquid foams, while Von Neumann proposed a
law to describe the coarsening of 2D foams [164, 165]. Finally, Glazier and
Weaire [166] published an extensive review of the scaling laws that govern
the coarsening of liquid foams induced by ripening of the smaller bubbles.
In these works, the coarsening is expressed as the mean radius evolution
of a large group of bubbles, and no detailed description of the evolution of
each single bubble is considered.

On the other hand, the effect of Ostwald ripening can be analyzed by ob-
serving the evolution of each single bubble within the system, as shown
in Figure 3.6d. The curves with a negative slope are related to dissolving
bubbles, which eventually disappear. A quantitative analysis of the disso-
lution of smaller bubbles can be performed based on the data reported in
Figure 3.9, which shows the evolution of R over time for the small, dissolv-
ing bubbles. Epstein and Plesset [167] derived an analytical expression for
the diffusion-controlled dissolution of a single isolated air bubble in water,
considering the effect of interfacial tension on the internal pressure of the
bubble. The model has been later validated both on water-based systems
[168, 169] and on molten polymer-based systems [170] and describes the
evolution of R as follows:

R(t)® — R} + A(R(t)> — R?) = Bt, (3.8)
where A and B are defined as:

2M,y,y
A= , 3.9
AT (3.9)
Dky M,
p— _ SDkaMuy (3.10)

Pg
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In Egs. 3.9 and 3.10, pg4 is the density of the gas, M, is the molar
mass of the polymeric matrix, and kg is Henry’s constant. A and B can
be evaluated by fitting the experimental data and the averaged results of
the fitting procedure are reported in Table 3.1 along with values predicted
using literature data for the parameter in Eqgs. 3.9 and 3.10 (p, = 10'kg
m™3, M, = 10> kg mol™, T = 180°C, v = 1072 N m~', D = 107°
m?s~t kg = 107* mol N~' m~1)[171, 172, 59]. While A shows a good
agreement with the predicted value, we note a large discrepancy for B,
probably indicating a delay in the observed dissolution dynamics with
respect to predictions. To further analyse the problem, we examine the
dissolution time, t4, which can be derived by the Epstein-Plesset model
[168] as follows:

Rg Ropg 1
tg = : 3.11
47 3Dky <2Mw7 TR, (8-11)

Using data from the literature, t4 ~ 10! s, which is much smaller than
the experimental value (€(103 s)). This delay in the dissolution time has
been reported in the literature, in particular with reference to multiple
bubble systems, and is attributed to the so-called diffusive shielding, by
which a bubble dissolves slower than an equivalent isolated one, due to the
increase in local gas concentration caused by dissolution of neighboring
bubbles [173, 174]|. The interplay between Ostwald ripening and diffusive
shielding can lead to delayed dissolution or even stabilize a bubble to an
equilibrium radius, as reported by Weijs et al. [175]. The use of a more
complex model with respect to the isolated bubble model is in order and is
left for future work. Here, we demonstrate the use of the proposed treat-
ment as a novel experimental platform to study the dynamics of bubble
dissolution and, more generally, the physics of bubble interaction.

Table 3.1. Fitting parameters of the Epstein and Plesset model [167] for our
experiments at 7" = 180 °C and P = 4.0 M Pa and by using literature data
for variables in Egs. 3.9 and 3.10.

parameter fitting value predicted
A 67 + 7.5 pm 53 um [171]
B 250 + 15 um3s™1 60000 pm3s~t [171, 172, 59]
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Figure 3.9. Bubble dynamics of dissolving bubbles. Experimental data and
results of fitting with the Epstein and Plesset model [167, 168]. The experi-
mental data are referred to the dissolution curves of Figure 3.6.

Focus on bubble coalescence

Bubble coalescence is the process by which two (or more) gas bubbles in
close proximity merge and form one larger bubble [176]. When two bubbles
approach each other, a thin film of polymer/gas solution is formed. The
thin film can assume different shapes and go through different deformation
dynamics, depending on the viscoelastic properties of the polymer/gas so-
lution, the relative dimension of the bubbles and the velocity with which
the two bubbles approach each other [29, 177].

In the simple case of two impinging bubbles of almost the same size
in which the viscolestic effects are negligible, the thin film is flat (Fig-
ure 3.10a). The polymer/gas solution is squeezed out of the thin film,
pushed by capillary pressure, and undergoes a biaxial elongation [178].
When the strain rates are higher and the viscoelastic effects are relevant,
the thin film assumes a parabolic shape, extending into one of the bubbles,
before rupture occurs (Figure 3.10b). In this study, even higher deforma-
tion rates are observed and novel coalescence patterns are observed, in
which the thin film is highly elongated inside one of the who bubbles (Fig-
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Figure 3.10. Observed coalescence patterns. The shape of the thin film
between the bubbles can be: (a) flat; (b) parabolic; (c) elongated inside one
of the two bubbles. Scale bar is 500 pm.

ure 3.10c). Additional research is required to elucidate the physics that
govern these new patterns.

Once the two bubbles establish contact, the film rupture occurs and a
ring-shaped neck is formed [179]. First, this expands rapidly, due to the
relaxation of the elastic energy built up during bubble expansion [180].
Then, the high curvature of the neck leads to the generation of a consid-
erable capillary pressure, which, at this point, drives the neck expansion
against inertial and viscous forces. The resulting expansion progresses with
the following scaling law [181, 182, 183]:

(LY 3.12
R <7’> ’ (312)
where 1, is the radius of the neck, K is the scaling law factor, 7 is
the characteristic time that can be inertio-capillary 7 = (pR3/vy)'/? or
visco-capillary 7 = nR/v, and « is the scaling law exponent [181]. The
characteristic time scale depends on the relative importance of inertial and
viscous effects, which can be estimated by the Ohnesorge number, Oh =
n/vVp R
Figure 3.11 reports characteristic images of the coalescence of two bubbles
of almost the same size in the case of the PP /Ny system, at a temperature
of 180 °C and a pressure of 4.0 MPa. Figure 3.11 also reports, for several
couples of coalescing bubbles, the normalized neck radius r, /R, against
the dimensionless time /7, where 7 = €(10? s) is the visco-capillary time
(with Oh = 0(10°). Data for each coalescence event follow the power law
with an exponent a ~ 1, for the t/7 < 2 s, decreasing to 1/4 for longer
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times, which is similar to what was reported in the literature. In particular,
the evolution of the neck in water-based systems has been observed to
follow a power law with an exponent o ~ 1/2 for t/7 < 0.2, after which
the exponent decreases [183, 181]. In viscous liquid systems, the evolution
of the neck is significantly slower but follows the same dynamics, with
o~ 1/2[182].

The analysis of the coalescence patterns, together with the evolution of
the neck, represents a powerful experimental platform to characterize the
system, as it involves both interfacial tension and viscolestic properties of
the polymer/gas solution. In this framework, control over the occurrence
and velocity of coalescence, triggered by the growth stage, is crucial.

10°

r,/R

10-1 T T
107" 10° 10’

t/t

Figure 3.11. Coalescence of two bubbles of almost the same size in a PP /No
system, at P = 4.0 MPa. Evolution of the normalized neck radius (r,/R)
against the dimensionless time (t/7).
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Focus on bubble shape variation

Bubbles interaction causes the bubble shape to change from a spherical
to a polyhedral one. Figure 3.3d shows two images with a bubble high-
lighted, subject to shape variation due to the presence of other proximal
bubbles and the temporal evolution of RN D of the same bubble. Initially,
RND = 1 as the bubble is small and isolated. With bubble growth, it
impinges on proximal bubbles and the shape changes (with the observed
decrease in RN D). The minimum in RN D corresponds to the left image
in Figure 3.3d. Driven by interfacial tension, eventually, the system slowly
returns to a spherical shape and RN D tends to one. The observed time
scale of the phenomenon agrees with the visco-capillary time, 7 = &'(10? s)
(see Paragraph Focus on bubble coalescence), when major shape change oc-
curs. When the curvature approaches 1/R the driving force for the shape
variation is no longer related to the capillary effect, slowing the kinetics
[182]. A detailed description of the corresponding dynamics and the rela-
tive descriptive model is left for future work.

3.3.3 Periodic treatment

Controlling the dynamics of bubble growth by applying a given pressure
treatment can be used to tailor the morphology of a multi-bubble system.
We demonstrated in the previous sections that we can control the amount
of nucleated bubbles and their final radius by modulating the pressure. We
will now show how to modulate the bubble relative position towards a total
control of the foam features. Here, we exploit polymer viscoelasticity and
apply periodic pressure treatments to determine non-reversible movements
(in terms of d) among the bubbles. Two impinging bubbles are subjected to
forces which are normal to the plane that separates them (or parallel to d).
In particular, when they grow, they are pushed more far apart (d increases),
and when they shrink, they are brought closer. Any imbalance may induce
a permanent change in d, in principle at constant R. To do so, we imposed
a negative pressure change ~ 1 MPa within a characteristic time & (102
s > 1) and a positive pressure change with an identical absolute value
but within a characteristic time ¢'(10° s ~ 7). The presence of the elastic
contribution of the polymer response in only one of the two stages gives
the desired imbalance. As expected in a viscous polymer/gas system under
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Figure 3.12. Effect of the periodic pressure treatment on the bubble relative
position. Representative parts of (a) Periodic pressure treatment (red), bub-
ble radius evolution (black), interbubble distance (blue). (b) Comparison of
bubble positions after 30 cycle. Scale bar is 1000 pm.
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typical processing conditions, the change in d is small. However, repeating
the sequence may induce an arbitrarily large movement. Figure 3.12a
shows the temporal evolution of P, R and d in a treatment with 30 cycles,
inducing a bubble movement depicted in Figure 3.12b, with the largest net
increase in the distance between bubbles =~ 70 pm.

3.4 Conclusions

We introduced the inverse pressure quench treatment on nucleated
polymer/gas systems to manipulate bubble growth dynamics. This allows
for broadening the observation window and, thoroughly investigating the
numerous phenomena and material properties related to bubble growth.
By focusing on the model system PP /Ny, we reported using of the treat-
ment to decouple bubble nucleation and growth, towards the design of
foams with a defined number density and size of bubbles. Furthermore,
the treatment proved suitable for studying bubble impingement, Ostwald
ripening, and bubble coalescence. We foresee using of the same to measure
the physical properties of polymer/gas systems, as we showed for the vari-
ables utilised in the Epstein and Plesset model for the diffusion-controlled
dissolution of isolated bubbles. Finally, by using a periodic pressure treat-
ment, we show that it is possible to move the bubbles and design their
relative position, towards total control of all the foam features, opening
novel opportunities for the design of foam processing technologies. This
approach could be further explored for industrial applications, such as
large-scale production of porous membranes for separation processes, scaf-
folds for tissue engineering, as well as thermal insulators and electrodes.
Finally, to build on the findings of this study, future research could explore
the exciting overshoot (undershoot) observed after a pressure step decrease
(increase) (see Figure 3.7).







Chapter 4

Porous membranes produced
via physical foaming

4.1 Introduction

Polymeric porous membranes with nanometric thickness, which have
pore size ranging from nanometers to micrometers, received growing in-
terest as they find extensive use across various applications, namely sep-
aration membranes [184], photonic devices [36], bio-materials [185], and
template for crystal formation [96, 186]. Actually, the use of these films de-
pends strongly on their morphology, namely cells size, shape, distribution
and type of cell structure (closed cells, open cells, or a mixture of both).
Various fabrication methods have been exploited to produce microporous
membranes, such as breath figure, directional freezing, and self-assembly
of block copolymers [2, 37].

Polymer physical foaming, via pressure induced phase separation, is a
viable alternative for the production of porous membranes, standing out
for its simplicity, possibility of scaling up and low environmental impact, in
contrast to the above-mentioned techniques, which are expensive, limited
to the small scale (microns or centimetres), and generate a large amount
of organic solvent waste.

However, adapting the polymer foaming technique for the production of
porous membranes and, in general, for products characterized by at least
one micrometric or nanometric dimension (nanoparticles, fibers, or thin
films) is not trivial. In these cases the blowing agent (BA) can easily dif-
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fuse out from the polymer matrix, rather than forming bubbles [1]. Bubble
nucleation occurs few seconds after the achievement of the supersaturated
condition and, during this time, namely nucleation induction time (7,,),
BA molecules can escape from the surface. As a consequence, a dense
polymer layer is formed, whose thickness (0) corresponds to the diffusive
path available to BA molecules before nucleation occurs (§ = (D7,)"/?)
[53]. Typically, the available diffusive path is larger than a micron, which
means larger than the characteristic dimension of the above mentioned
products. To overcome this issue we need to hinder the gas escaping.

One proposed strategy is the use of a different BA, for instance, with a
smaller diffusivity (D). In this way the diffusive path can be reduced, mak-
ing it smaller than the characteristic dimension of the sample. However,
exploiting this strategy will always lead to the formation of a non-foamed
layer, which might limit some applications that require open bubbles on
the surfaces. A more effective strategy is the use of a barrier to prevent gas
diffusion and constrain the gas to segregate forming bubbles. The barrier
might be a polymer with a smaller diffusivity than the one of the polymer
we want to foam [187, 50]. Li et al. [51] proposed a method to produce mi-
crometric thin polymeric porous films with supercritical COq, Siripurapu
et al. [52] used a COg impermeable barrier attached to a micrometric thin
film surface of poly(methyl methacrylate) (PMMA), and Orsi et al. [53]
created hollow nanoparticle by gas foaming including the raw particle in a
polymer matrix with a very low COy diffusivity.

The objective of this chapter is to extend the use of the above men-
tioned approach, by pushing its applicability to film with nanometric thick-
ness rather than the micrometric one. To this end, the use of a gas barrier
to foam a nanometric thin film of poly(lactic-co-glycolic) acid (PLGA) has
been tested. Furthermore, the phenomena involved in the cell morphology
build-up in such a confined system will be elucidated. Finally, a novel
approach to gain control over the final cell morphology will be proposed.
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4.2 Materials and methods

4.2.1 Materials

PLGA 50:50 Resomer ®RG 504 ester terminated My, 38,000-54,000,
polyvinyl alcohol (PVA) Mowiol ®)18-88 My, 130000, and dimethyl car-
bonate (DMC) were purchased by Sigma-Aldrich (St. Louis, Missouri,
United States). Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)
(PEDOT:PSS) (Clevios™HTL Solar) and indium tin oxide (ITO) glass
covered substrates (2.5 x 2.5 cm?) were purchased by Ossila(C)(Leiden,
Netherlands). CO2 and Ny (purity 99,99 %) were supplied by SOL S.p.A.
(Monza, Italy).

4.2.2 Film preparation

Spin coater (Ossila(©), Leiden, Netherlands) was employed for the fab-
rication of the polymeric thin films. The PEDOT:PSS which was used as
the sacrifice layer, was deposited using a spin speed of 3000 rpm for 30
s dripping and spreading the solution in static condition. After the spin
coating, the film was annealed at 90 °C for 20 min to allow full evapora-
tion of the solvent. The PLGA deposition method was optimized for the
production of an uniform film (see appendix B). It was produced via spin
coating of a solution of PLGA in DMC 5 %w/w with a spin speed of 5000
rpm for 60 s dripping the solution in static condition. The barrier layer of
PVA was deposited on the top of the PLGA film via solution casting, us-
ing 300 pL of a solution of PVA in deionized water 10 mg/mL. Finally the
film was dried at ambient temperature overnight (Figure 4.1) Morphology
analysis was performed using an optical microscope Stemi 208 (ZEISS,
Oberkochen, Germany) and a scanning electron microscope (SEM) FEI
Quanta 200 FEG (Hillsboro, Oregon, United States).

4.2.3 Porous membranes fabrication via physical foaming

The gas foaming experiments were performed with a custom-made
foaming apparatus which is detailed described elsewhere [188]. It con-
sist in a pressure vessel (0.3 L in volume, BC-1, High Pressure Equip-
ment Co., Erie, PA, USA), equipped with heating elements controlled by a
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PEDOT:PSS / water PLGA/DMC PVA / water

Dwu O

[ sss

Figure 4.1. Thin film layers fabrication scheme.

PID thermoregulator (1850, Gefran S.p.A., Provaglio d’Iseo, Brescia, Italy)
The pressure and temperature are monitored respectively with a pressure
transducer (mod. TK, Gefran S.p.A., Provaglio d’Iseo, Brescia, Italy)
and a thermocouple positioned as close as possible to the samples (Pt100,
Gefran S.p.A., Provaglio d’'Iseo, Brescia, Italy). The pressure discharge
system consists of a ball valve (15-71 NFB, High Pressure Equipment Co.,
Erie, PA, USA) and an electromechanical actuator (15-72 NFB TSR 8,
High Pressure Equipment Co., Erie, PA,USA) to ensure a controlled and
repeatable pressure reduction rate. The foaming process consists in the
solubilization of the BA, namely COs, at 100 bar and 80 °C for 2 hours.
This time is overestimated to allow for the gas diffusion towards the PVA
barrier. Phase separation is induced by rapidly reducing the pressure to
ambient pressure. Finally, the film is extracted and soaked in diluted water
overnight to wash out the PVA and PEDOT:PSS film so that it can be
suspended in water for further manipulation (Figure 4.2).

4.3 Results and discussion

4.3.1 Diffusion restricted physical foaming

The foaming process of PLGA film with a nanometric thickness was ex-
amined. The film before foaming has a thickness of approximately 400 nm
(see Appendix B), which is significantly smaller than the diffusion length
of CO2 through PLGA during the nucleation induction time, estimated to
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Figure 4.2. Porous membranes fabrication scheme. The multi-layer structure
is foamed via physical foaming. Finally the porous membrane is suspended in
water for further manipulations.

be around L = 1000um, considering D = 10~"cm?/s [189], and 7,, equals
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to the pressure reduction time 7 = 0.2s. Therefore, employing a gas bar-
rier is crucial, as confirmed by experimentally foaming a sample partially
covered with the PVA barrier illustrated in Figure 4.3. The polymer film
is transparent before treatment and remains so in regions without the bar-
rier. However, in areas where the barrier is applied, the film turns white
and shows reduced transparency due to the formation of a cellular struc-
ture responsible of scattering the light (Figure 4.3b).

a) b)

>\;“.'..lx\=\r:!/>\,:!x\ NO
BARRIER

BARRIER

Figure 4.3. (a) Effect of the gas barrier scheme, bubble are only formed
underneath the PVA barrier, as the blowing agent cannot escape from the film
surfaces. (b) Evidence of the effect of the barrier,the presence of bubbles is
evident from the color change of the film from transparent to white.

Eventually, the PLGA porous membrane is removed from its substrate
by soaking the multilayer structure in diluted water, which dissolves the
PEDOT:PSS and PVA layers. As depicted in Figure 4.4, the film floats
with a crumpled appearance in the water bath. This indicates that the film
possesses enough rigidity to remain free-standing in the liquid. However,
a strategy for unfolding the membrane is required, thus enabling proper
handling, such as mechanical testing or deposition on a substrate. One
potential method involves a multiphase interface with a polar and a non-
polar liquid, possibly causing the film to self-flatten at the interfaces [190].
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Figure 4.4. Picture of a free standing porous membrane suspended in diluted
water.

4.3.2 Morphology characterization

The microstructure of the porous membranes is shown in Figure 4.5
and Figure 4.6. As indicated by the SEM analysis in Figure 4.5, it dis-
played a single layer of elliptical cells in the cross section. This is likely due
to the manometric confinement [191], which constrains the bubble growth
in the planar direction. In addition, the interface plays a critical role in
facilitating bubble nucleation compared to the bulk, as explained by the
heterogeneous nucleation theory [192]. In the cases of multiple surfaces,
namely PEDOT:PSS and PVA, the heterogeneous nucleation is more effi-
cient on the surface by which the gas has a better affinity, as shown by the
cross section analysis, in which the bubbles are open on the PEDOT:PSS
side instead of the PVA one.

The SEM images of the top view of the membranes complete the cell
structure analysis (Figure 4.6). Different bubble structures were observed
when foaming under the same conditions of temperature, pressure and
pressure reduction rate. In Figure 4.6a we can identify a cellular structure
with darker zone that corresponds to the holes in the cell upper walls, and
lighter zone corresponding to the cell lateral walls. The lack of resolution
suggests that the cells are closed on the top side (in contact with the PVA
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Figure 4.5. SEM images of the cross section of a porous membrane. The
cells are open on the bottom side, in contact with the PEDOT:PSS, while are
not fully open on the top side.

layer), while some round holes are well defined as the upper cell walls are
damaged. The shape of the cells is regular, with a round or polygonal shape
and an average diameter of 6.9 + 1.3 um. However, in Figure 4.6b the
majority of the cells are well defined and open on both sides, while there are
fewer cells that are closed at the top with small round holes in the center.
The cell shape is irregular, characterized by corrugated cell walls, with an
average cell diameter of 10.3 + 2.0 um. The increase in bubble diameter,
as well as the irregular shape, is always evident when the cells are open
on both sides of the film. In order to understand these differences in the
morphology when foaming at the same condition, a deeper understanding
of the phenomena involved in the cell structure build up is required.

To address this issue, the details of the cell morphology of several sam-
ples produced by different experiments under the same foaming condition
are reported in Figure 4.7. Four different cell patterns can be identified:
(1) closed cells with groups of collapsing small holes on the upper cell walls
(Figure 4.7a), (ii) closed cells with rounded holes on the upper cell walls,
smaller than the cell size (Figure 4.7b), (iii) open cells with a collapsed up-
per wall characterized by several holes connected by a polymeric filament,
characteristic of a coalescence patterns (Figure 4.7c), (iv) open cells with
corrugated side walls (Figure 4.7d), recalling a not fully relaxed polymeric
neck after coalescence. From a morphological point of view, the larger
size of the cells when they are open, as well as the singular cell pattern,
can be described as the consequence of early cell coalescence [13], as well
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a)

Figure 4.6. SEM images of the top view of the porous membranes. Images of
two different membranes produced at the same foaming condition, (a) upper
closed cells, (b) open cells on both side of the film.

as the rupture of the upper cell wall in contact with the PVA layer. In
fact, coalescence leads to an increase in cell diameter and to the collapse
of the structure, which is not trivial for this confined system. Since the
system is sandwiched between two layers, polymeric flows are constrained.
Thus, the shape relaxation after coalescence is slowed down and the ad-
hesion with the PVA layer prevent the collapse of the upper wall. This
is also supported by the fact that this coarsening phenomena occurs after
the pressure reduction, when the polymer is still above the glass transition
temperature, likely during the sample extraction operation, which is the
less controlled step of the process. This would explain the variety of the
different patterns and the lack of control provided by the modulation of
process parameters.

4.3.3 Coarsening driven physical foaming

The build-up of the foam morphology depends on the occurrence of
different phenomena as described in Chapter 3, namely bubble nucleation,
growth, coalescence and Ostwald ripening. Typically, increasing or de-
creasing the temperature and pressure is the easiest way to control the
number of nucleated bubbles and their growth [1]. Finally, the classical
technologies are designed and optimized to avoid the occurrence of coales-
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Figure 4.7. Porous membranes morphology details. (a) upper close cells
with collapsing holes on the top side; (b) upper close cells with a rounded
holes on the top side; (c) open cells with collapsed top walls with a typical
shape resulting from coalescence; (d) open cells with a corrugated shaped
lateral walls.

cence, which leads to the collapse of the cell structure and compromises
the overall success of the foaming process [193, 194]. When foaming a
nanometer sized film, the classical approach is not sufficient, as the bubble
coalescence cannot be easily prevented, so novel approaches should be con-
sidered. The occurrence of the coarsening phenomena (i.e. coalesce and
Ostwald ripening) is not fatal in this cases of a 2D structure, and does not
cause a brutal density increase. Due to the confinement, the cell structure
is supported on the top and bottom side, so the coarsening only causes
the mean cell diameter to increase, without compromising the integrity of
the membrane. Furthermore, several applications, like drug delivery [35]
or filtration [2], require the cells to be bigger than the one obtained in the
previous section and open on both side of the membrane. In this prospec-
tive the coarsening phenomena can be exploited to achieve open cells with
a controlled final average diameter, similarly to the annealing step when
producing solid crystals.

Herein, we propose a novel approach, namely Coarsening Driven Gas
Foaming. This technique involves the imposition of the inverse pressure
treatment proposed in Chapter 3, in order to limit bubble growth and ob-
tain better control over cell coarsening. This allows us to introduce a new
process parameter, the coarsening time, which corresponds to the time we
keep the sample in the reactor after foaming at a certain pressure smaller
than the saturation pressure. A proof of concept of the application of
this technique is reported in Figure 4.8. In detail, to produce the porous




4.4. CONCLUSIONS

73

membrane in Figure 4.8b, after the pressure quench, the pressure is raised
to 20 bar, and the temperature is kept constant throughout the process,
for a coarsening time of 30 min. The cell morphology appears coarser
compared to the one produced by the classical pressure quench treatment
with a rapid sample extraction (Figure 4.8a). The average cell diameter is
increased from 3.7 & 0.7 um to 15.0 £ 3.9 um and the cell size distribu-
tion is more asymmetric [163]. The cell appears to be completely open on
both sides of the film, with a circular shape, which is also a result of the
coarsening effect reported in subsection 3.3.2. However, further analysis is
required to confirm the effectiveness of this technique.

Figure 4.8. Microscope images of porous membranes produced (a) via pres-
sure quench gas foaming, and (b) coarsening driven foaming procedure.

4.4 Conclusions

In this study, we explored the potential application of physical foaming
techniques to produce nanoscale porous polymeric membranes, specifically
focusing on PLGA films. By introducing a gas barrier layer, we effectively
prevented gas diffusion from the film surface, enabling successful bubble
nucleation and cellular structure formation.

The confinement demonstrates critical on the cell morphology build up,
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where the nanoscale thickness limits bubble expansion primarily within the
film plane. SEM analysis revealed a range of cell morphologies, influenced
by heterogeneous nucleation and coarsening phenomena (i.e coalescence
and Ostwald ripening), with some membranes showing closed cells and
other open cells on the both side of the film. For the case of thin film em-
bedded in a multilayer structure, coalescence and Ostwald ripening were
not harmful to film stability and, in fact, this phenomena can be exploited
to produce membranes with larger, open cells, which may be advantageous
in applications like drug delivery and filtration.

Finally we proposed a novel approach named Coarsening Driven Gas
Foaming, that consist in applying a controlled coarsening stage after the
cells formation, proving effective in tailoring the cell size and structure.
Future work will refine this approach, allowing for precise control over
membrane porosity and enhancing the versatility of nanoscale porous mem-
branes across various applications.




Chapter 5

Polymer assisted tin-based
perovskite formation for
optoelectronics

5.1 Introduction

Perovskite materials have granted significant attention in recent years
due to their outstanding optoelectronic properties, making them ideal can-
didates for high-efficiency photovoltaic solar cells (PSC) [195, 62]. Tradi-
tionally, lead-based perovskites have been the most widely studied, but the
toxicity of lead has stimulated research into alternative materials [63]. As
a replacement for lead, tin element (Sn) is a promising alternative due to
its similar electronic properties and lower toxicity [64]. However, the use
of tin presents significant challenges, mainly due to its tendancy to oxida-
tion, from Sn(II) to Sn (IV), and the rapid non-radiative recombination
of charge carriers [65]. The former derives primarily from environmental
exposure, such as oxygen and moisture [67], while the latter depends on
the intrinsic defects of the perovskite microstructure, such as iodide vacan-
cies, tin interstitial, and lattice misalignment, that can arise if the crystal
morphology development is not properly controlled [68].

The control over the passivation and the morphology of the tin-based
perovskite crystals is essential for improving the stability and efficiency of
devices. Several strategies have been proposed to assess this issues, like ad-
ditives engineering [196, 87|, solvent engineering [197], and film-processing
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engineering [198, 199] has shown promising results in enhancing film qual-
ity and stability.

Among the various strategies, the addition of polymers has proven to
be a valuable approach, which is widely proposed for lead-based perovskite
[200, 201, 84, 202, 203, 204|, however, fewer examples have been reported
for tin-based perovskites [89, 90, 91|. The polymer directly added into
the perovskite precursor solution, modulates the crystallization dynamic,
increases the viscosity of the precursor solution, and in contrast to small
molecule additives, it remains immobilized after crystallization. Hence,
it offers multiple benefits in perovskite films, suppressing ion migration,
passivating defects, reducing interfacial recombination, improving stabil-
ity, and regulating mechanical stresses [205].

Among all the proposed polymers, the pyridine based polymers [206]
attracted our attention standing on the possibility of forming a Lewis acid-
base adduct with the Sn(II) [207, 208], that may effectively retard the crys-
tallization dynamic and passivate the grain defects [89]. The addition of
low molecular weight pyridine derivatives, for instance, have been success-
fully employed to control the crystallization process, leading to improved
film uniformity and reduced defects [209].

Herein, we propose a strategy to combine the effect of the pyridine
functional group with the advantages of using a long chain polymeric ad-
ditive. The influence of the polymer over the nucleation and growth step
will be investigated, considering its effect on the morphology build up of
the perovskite-polymer composite film. The design of a novel strategy to
tune the device properties will be proposed, eventually, analyzing the final
properties of the thus fabricated solar cell.

5.2 Materials and methods

5.2.1 Materials

Unless otherwise specified, all chemicals were employed directly with-
out further treatment after purchase. Tin(II) iodide (Snla, 99.99 % mesh),
ethylenediammonium diiodide (EDAI;, >98%), N ,N-dimethylformamide
(anhydrous, 99.8%), 4-(tert-butyl)pyridine (tBP, 98%), Poly(2-vinylpyridine)
(P2VP) (analytical standard, Mw=159000), Poly(4-vinylpyridine) (P4VP)
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(Mw=160000), acetone (EMPLURA®)), 2-PROPANOL (Riedel-de Haen)
(>=99.8%) Hellmanex, bathocuproine (BCP, 99.99%), and Silver beads
(1-5mm, 99.9%) were purchased by Sigma-Aldrich (St. Louis, Missouri,
United States). Formamidinium iodide (FAI, >99.99%) was purchased
by Dyenamo (Stockholm, Sweden). C60 (99.99%) was purchased by So-
laris Chem Inc.(C)(Vaudreuil-Dorion, Quebec, Canada). Patterned Indium
tin oxide (ITO) substrates (2.5 x 2.5 cm?, 20 Q/square) substrate and

Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) (Cle-

vios™HTL Solar) was purchased by Ossila(C)(Leiden, Netherlands). The
PEDOT:PSS was filtered with a 0.22 ym PTFE filter befor using.

5.2.2 Perovskite precursor solution preparation

A solution of Snly in DMF with nominal molarity of 1.6 M was prepared
and kept shaking overnight at ambient temperature. In a new vial FAI
powder is scaled and a proper amount of the Snly solution was added
leading to a FA:Sn molar ratio of 0.95:1. In a new vial we scaled the
EDAI; powder, and we add a proper amount of the final solution, after
the complete dissolution of the FAI powder has been achieved (around 1
hour). We thus obtained a stock solution of FAy g5 EDAIp g55nl3 in DMF.
For the first part of the study we dilute the solution with a solution of
DMF and the polymers with different concentration, ranging from 0.001
mg/mL to 100 mg/mL, leading to a final solution of 0.8M. For the second
part of the study we analyze the mixed effect of the polymers and the
tBP keeping the final molar ratio between the Sn and the pyridine equal
to 0.6 n/n. Thus we dilute the stock solution with polymers reaching a
1.4M solution, and than we added the tBP accordingly to reach a final
solution with a molarity of 0.8M. also in this case we evaluated the effect
of the polymer concentration, ranging from 0.001 mg/mL to 1 mg/mL As
a reference we used the same solution but diluted with tBP in a volume
ratio 1:1.

5.2.3 Device fabrication

An inverted structure was employed for the PSCs fabrication, with the
following layer sequence:
glass/ITO/PEDOT:PSS/FAg 95 EDAIj 05Snl3/C60/BCP/Ag. The indium
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tin oxide (ITO) substrate was washed in sequential order with hellmanex
dissolved in deionized water (2% v/v), deionized water, acetone, and iso-
propyl alcohol for 15 min each time under ultrasound conditions at 40 °C.
Than, the ITO substrate was blow-dried with a nitrogen gun, followed by
UV ozone treatment for 15 min. The PEDOT:PSS hole transport layer
(HTL) was spin coated on the ITO substrate at 3000 rpm for 30 s and
subsequently annealed at 90 °C for 20 min. The substrates were than
transferred into a nitrogen-filled glovebox (O2 < 0.1ppm, HoO < 0.1ppm,
temperature 18 °C) for all the following steps. A volume of 100 pL of the
perovskite solution was deposited on the PEDOT:PSS surface, and spin
coated at 3000 rpm for 60 seconds, and immediately annealed at 140 °C
for 30 min. The C60 (ETL), BCP and the Silver electrode were deposited
using a thermal evaporation chamber at a high vacuum (< 10 mbar).
The thickness of the three layers, C60, BCP and Ag, were 40, 7 and 140
nm, respectively. The effective area of each pixel of the perovskite device
was designed to be 0.025 cm?.

5.2.4 Characterizations and measurements

For the following characterizations, the perovskite film were deposited
on the PEDOT:PSS layer using the ITO covered substrate, and finally
covered with a PMMA layer (20 mg/mL in toluene, 3000 rpm, 30 sec),
to reduce the oxidation of the film during the measuremente time. X-ray
diffraction (XRD) was performed with a D8-Discover 25 diffractometer (D2
PHASER, Bruker, Billerica, Massachusetts, United States) at room tem-
perature. Tescan Mira 3 scanning electron microscope (TESCAN GROUP,
a.s., Kohoutovice, Czech Republic) operating at 5 kV, was used to inves-
tigate the morphology of perovskite films, for both top-view and cross-
section images. Perovskite films were deposited on PEDOT:PSS layes on
top of an ITO glass substrates to reduce charging problems and reproduce
the same deposition process that is used for the device fabrication. A
commercial platform (ARKEO) (Cicci Research Srl, Grosseto Italy) was
used to conduct the characterization inside the glovebox on the final de-
vice. The device current density-voltage (J-V) characteristics were tested
using a 12 LED solar simulator with a calibrated optical power density of
100 mW /cm2. PSC J-V characteristics were measured every 10 mV with a
sample rate of 100 mV /s. External Quantum Efficiencies (EQE) were mea-
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sured using a neon white light source with a monochromatic light, whose
intensity was calibrated using a Hamamatsu S1337 Si calibrated photodi-
ode.

5.3 Results and discussion

The use of pyridine based polymers proves to be an effective strategy
for the production of high quality perovskite films, by exploiting the for-
mation of a strong Sn-N complex [207]. The polymer acts as a strong
templating agent, which slows down the crystallization process, drives the
crystal growth in a preferred direction, adjusts the dispersion rheology, al-
lowing thickness modulation, encapsulates the crystal grains and passivates
their surface. Nevertheless, the combination of long polymer molecules and
small pyridine molecules proves effective in improving the properties of the
PSC device, allowing a stable anti-solvent free process.

5.3.1 Polymer perovskite compatibility

The FASnl3 perovskite dispersion is prepared using DMF as a sol-
vent, which is a good alternative to dimethyl sulfoxide (DMSO) to avoid
the solvent-induced tin oxidation [81]|, and is compatible with pyridine
molecules that are used as additives [209]. when used alone, DMF proves
to be also a good solvent for the pyridine based polymer additives, namely,
P4AVP and P2VP [206]. However, the simultaneous addition of both the
pyridine based polymer and the FASnls precursors may affect their solu-
bility. starting from a FASnls dispersion 0.8M, the addition of P2VP and
P4VP at different concentration has been tested, ranging from 0.01 mg/mL
to 10 mg/mL, as shown in Figure 5.1. While the addition of P2VP does not
influence the uniformity of the FASnls dispersion, the addition of P4VP,
at concentration higher than 0.047 mg/mL, causes the solution to became
opaque, or even the formation of white precipitates. As a consequence, the
solely effect of P2VP may be tested when using a polymeric additive alone.
The fact that the dispersion is clear, with no evidence of particle, does not
exclude the formation of complex aggregate on the nanometric scale, as
the pyridine group attached to the polymeric backbone could interact and
stabilize the colloidal perovskite nanoparticles |78, 77].
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Figure 5.1. FASnl3 polymer compatibility test of the perovskite solution
0.8M with different concentration of both P2VP and P4VP. The solution re-
sults opaque for concentration of P4VP higher that 0.047 mg/mL, while there
is evidence of visible formation of white particle for higher concentration.

5.3.2 Film deposition process

There is no evidence of the effect of the polymer on the deposition pro-
cess for concentration lower than 1 mg/mL, while, at higher concentration,
the effect is distinct. The P2VP addition allows for highly reproducible
antisolvent-free spin coating deposition process. In details, the crystal-
lization process slows down, as the polymer concentration increases. The
deposition process is schematically depicted in Figure 5.2, highlighting the
impact of the polymer during the spin coating and the subsequent an-
nealing step. We can identify the formation of the perovskite phase from
the color transition of the film from yellow to gray/black. The FASnlj
reference film turns grey during the spin coating, after approximately 20s
(Figure 5.2a), while , the addition of P2VP 50 mg/mL, causes the film
to turn red during the spin coating, and eventually black only during the
annealing step (Figure 5.2b), eventually, with the addition of P2VP 100
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Figure 5.2. Deposition process scheme, namely, dispersion dripping, spin
coating and annealing of (a) the reference film, and with (b) P2VP 50mg/mL,
(c) P2VP 100 mg/mL. Effect of P2VP on the crystallization process is high-
lighted from the color transition of the film from yellow to red to black.
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mg/mL the film remains yellow after the spin coating, and turns red and
subsequently black only during the annealing process (Figure 5.2¢). No
strong effect of the spin speed and time has been observed.

The films produced after the annealing step are shown in Figure 5.3.
With the increase in the polymer concentration, the film results black and
lucid, instead of grey and opaque, confirming the production of a good
quality film. The lucidity is related to the flattening of the roughness of
the film surface, that is also delectable from the SEM images of the cross
section (see subsection 5.3.4).

/

.3,

- /o WA

FASI P2VP 50 P2VP 100
0.0 npyridine/nSn 0.6 r]pyridine/nSn 1.0 npyridine/nSn

Figure 5.3. Picture of the film after the deposition process. Reference film
appears grey and opaque (left), P2VP 50 mg/mL is black and opaque (center),
P2VP 100 mg/mL is black and lucid (right).

Film thickness measurements was carried out with SEM analysis of
the cross section of the perovskite films. The increase in the polymer con-
centration results in an increase of the perovskite film thickness, namely
359451 nm for 30 mg/mL and 0.36 npyridine/Nsn, 63675 nm for 50 mg/mL
and 0.58 Npyridine/Nsn and 1143+35 nm for 100 mg/mL and 1.19 nyyridine /Nsn
(Figure 5.4a). This can be attributed to increases in viscosity caused by
the polymer [210], similar to the rheology modifier effect reported by Giuri
et al. [203]. The modulation of the polymer concentration can be used as
a processing tool for the thickness control. Figure 5.4b reports the effect
the polymer concentration over the film thickness at different npyridine /ngn
ratio. Considering its effect on the crystallization (see subsection 5.3.3), we
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Figure 5.4. Perovskite film thickness analysis. (a) SEM images of the
cross section of perovskite films with different polymer concentration; (b) ef-
fect of the overall polymer concentration on the film thickness at different
Npyridine/Ngn ratio, ranging from 0.36 tp 1.19.

diluted with DMF the precursor dispersion after the addition of the poly-
mer in order to keep the npyridine/Nsn constant (Figure 5.4b). This strategy
allows for a thickness modulation for npyridine/nsn bigger than 0.58, while
for smaller amount of polymer the effect can be considered negligible. As a
result, the polymer enables for a stable process, with a high repeatability,
an the control over the thickness modulation [211], eventually facilitating
the scalability of the solution-processed perovskite [73].

5.3.3 Crystal structure

The crystal structure of the perovskite composite film has been inves-
tigated by X-ray diffraction (XRD) analysis as shown in Figure 5.5. In the
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Figure 5.5. XRD patterns of the FASnl3 and FASnI3-P2VP perovskite com-
posite film with different concentration of polymer added in the precursor
dispersion (0.8 M), namely, 1, 10, 50, and 100 mg/mL. (* marked peaks are
referred to the ITO)

diffraction pattern of the FASnl3 reference, six evident peak are present, at
14.0°, 24.4°, 28.1°, 31.6°, 40.4°, and 42.9°, corresponding to the crystallo-
graphic plane (100), (102), (200), (122), (222), and (213), which are typical
of the perovskite orthorhombic crystal structure [212]. The peak position
remains the same regardless the polymer concentration, thus we exclude
any lattice deformation effect. Overall, the diffraction peaks intensity is
enhanced accordingly to the polymer concentration, reaching an optimum
at a P2VP concentration of 100 mg/mL, suggesting higher crystallinity.
In particular the intensity of the peak referred to the principal direction
(100) and (200), increases more with respect to the others, demonstrating
that the templating effect of the P2VP can regulate the direction of grain
growth. We evaluated the (100)/(120) peak intensity ratio that shows an
increases almost exponentially with the polymer concentration, from 0.24
(reference film) to 1.96 (P2VP 100mg/mL) (Figure 5.6). This findings will
also be supported by the SEM analysis, showing particular crystals shapes
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(see subsection 5.3.4).
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Figure 5.6. Peak intensity ratio, namely I(100)/I(120) of perovskite (0.8 M)
films treated with different P2VP concentrations (1, 10, 50, and 100 mg/mL).

5.3.4 Morphology characterization

The film morphology has been analyzed with SEM analysis, assessing
the effect of the polymeric additive (Figure 5.7). As reported in similar
work, the polymer cannot be embedded in the crystal lattice, and rea-
sonably segregate on the grains surface [213, 214|. For the reference film,
cubic-shaped perovskite crystals were observed, with incomplete substrate
coverage. Evidence of the influence of the polymer is reported starting at
a concentration of 1 mg/mL, where the perovskite crystals appear smaller.
The SEM of the film with the addition of P2VP 10 mg/mL, shows a
full coverage of the substrate, with a smaller grain size with respect to
the reference, and with a surprising corrugated shape similar to a sort of
self-assembled structure composing, or covering, the crystal grains. This
strange structure could be the morphological evidence of the effect on
the preferred crystal growth reported by the XRD analysis (see subsec-
tion 5.3.3). At higher polymer addition, namely 50 mg/mL, the SEM
resolution decreases, facing difficulties in observing polymeric materials,
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but an increase in the crystal size and a flattening of the surface can be
observed, as deduced by the analysis of the film outcome and the cross
section (Figure 5.3 and Figure 5.4).

:

FASI P2VP 1 P2VP 10 P2VP 50
0.000 n/n 0.00160 n/n 0.0160 n/n 0.591 n/n

Figure 5.7. SEM images of the top view of the perovskite films of the ref-
erence film (FASnl3) and with different amount a of P2VP added in a 0.8 M
precursors dispersion.

The analysis of the cross section at high resolution provides a clearer
view of the three dimensional structure of the film, as shown in Figure 5.8.
The film is composed by elongated crystal grain, covered by a polymeric
layer. Moreover, instead of the typical mono-layer of crystals grains, a true
3D packing of crystal grains, stacked one on top of each other, is observed.
This confirms that the polymer significantly influences the crystal growth,
leading to a very different shape than the typical cubic one (Figure 5.7).

In view of the application of the P2VP perovskite-polymer composite
film, determining the thickness of the polymer layer that separates the
perovskite grains is crucial. Based on the SEM analysis evidence, the grains
are arranged in a 3D structure, which may modeled straightforward as a
simple cubic lattice structure of perovskite cubes embedded in a polymeric
matrix as depicted in Figure 5.8b. Considering a e b respectively the
dimension of the perovskite grains and the thickness of the polymer layer
dividing the grains, we can mathematically evaluate the ratio between
the polymer and the perovskite volume (Vpayp and Vieroy) within the
primitive cell of the model system (Figure 5.8¢) as:

Vpov p _ (a+ b)3 —ad
‘/perov a3 .

(5.1)
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Figure 5.8. Morphology characterization of the perovskite P2VP composite
film. (a) SEM of the cross section P2VP 50 mg/mL (npyridine/Nsn = 0.58).
(b) Morphology model representation.

Considering a grain size of 500 nm, for a P2VP concentration of 50
mg/mL, the polymer layer thickness is approximately 30 nm, which is
greater than the tunneling limit and therefore impedes current flow [215].
In fact, the associated PSC device reports a null short circuit current den-
sity (Jsc), an will not be reported in subsection 5.3.5. To overcome this
problem, referring to the above model, there are two ways in which we can
reduce the thickness of the polymer layer separating two grains: reducing
the grain size or reducing the amount of polymer, neither of which is fea-
sible.

To keep the npyridine/Nsn ratio high enough to allow for the crystal
growth templating effect, by reducing the polymer amount we used a mix-
ture of polymer and a low boiling point pyridine molecule, namely tBP.
As we can keep the polymer concentration low we tested both the P2VP
and the P4VP effect (see subsection 5.3.1), taking advantages of the strong
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interaction of the PAVP [207, 206] which could not been used alone as an
additive.

5.3.5 Device performance

In view of applying the superior perovskite film, with preferentially
oriented grains, a passivating agent on the grain surface, and produced
with a more stable process, we have fabricated p-i-n PVSCs with the device
architecture of glass/ITO/PEDOT:PSS/perovskite/C60/BCP/Ag, where
the perovskite layer is FA g5 EDAl g55nl3 with tBP (reference), a mixture
of P2VP (0.1M) + tBP and P4VP (0.1M) + tBP. The J-V curves of the
device are reported in Figure 5.9.
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Figure 5.9. J-V curves of PSCs based on FASnl3 with tBP and a mixture of
P2VP-+tBP and P4VP+tBP. The device are tested both in forward (FS) and
reverse (RS) scan direction.

The reference film with tBP have a bad coverage of the substrate and
shows poor reproducibility, with the best device showing a PCE value of
2.96%, an open circuit voltage (Voc) of 0.47 V, a Jsc of 16.3 mA /cm?
and a fill factor (FF) of 38.67% with a distinct hysteresis. On the contrary
the PSCs devices with only the addition of polymer reports no current,
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probably due to the insulating effect of the polymer, and therefore are not
reported in Figure 5.10. Upon using the polymeric additive P2VP and
P4VP at 0.1 mg/mL together with tBP in an amount to keep the total
Npyridine/Nsn Tatio equal to 0.58, the device properties increases, with the
P4VP proving to be the best additive.
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Figure 5.10. Characteristics photovoltaic performance parameters, namely
(a) short circuit current density (Js.), (b) open circuit voltage (Voc), (c) fill
factor (FF), and (d) Power conversion efficiency (PCE) for FASnI5 0.8 M based
device processed with tBP, a mixture of P2VP+tBP, and P4VP+tBP. The plot
highlights the distribution and variability of each property, providing insight
into the impact of different additives on device efficiency and performance.

The Ve, Js¢, FF parameters increase for the best device to respectively
to 0.58 V, 15.67 mA /em2 ((value confirmed by the integrated current den-
sity calculated from the EQE), and 69.62%, achieving a champion PCE
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value of 6.37% (Figure 5.10). The use of polymer results in an effective
anitsolvent-free deposition technique, with an improved repeatability evi-
dent form the narrow range of efficiency histogram of Figure 5.10. How-
ever, there is still a lot or room for improvement, as a deeper analysis of the
polymer concentration effect with he mixture strategy has to be analyzed,
and the introduction of recently published strategies [81, 216, 217, 218],
may be introduced in the presented protocol to improve the final device
properties.

5.4 Conclusions

We explored the role of pyridine-based polymer additives, specifically
P2VP, in enhancing the crystallization and performance of tin-based per-
ovskite solar cells, exploiting the strong interaction between pyridine groups
and tin ions (Sn-N complexes). While DMF proved to be a suitable solvent
for these polymer additives, only P2VP demonstrated full compatibility in
the FASnl3 solution. Adjusting the polymer concentration allowed us to
control the crystallization rate, modulate the surface roughness, and the
film thickness. The addition of the polymer allowed for an antisolvent-
free deposition process, which is highly reproducible. The polymer proves
its potential in templating the crystal structure, inducing the formation
of elongated grains encapsulated in a polymeric matrix, as confirmed by
SEM and XRD analyses.

However, difficulties related to the polymer-induced increase in film
thickness and the impact on charge transport were observed. To mitigate
this, a strategy consisting in combining low molecular weight pyridine ad-
ditives, namely tBP, with the polymer (P2VP and P4VP) was proposed.
This approach allows to keep the optimal pyridine/Sn ratio, to ensure the
crystallization templating effect, while reducing the polymer content. At
an optimized polymer concentration, this approach leading to a working
device with and overall increased properties, in a three times higher PCE
with respect to the tBP alone, reaching with a more stable process the
literature standard.

This work lays a foundation for future research into fine-tuning polymer-
perovskite composites to optimize tin-based perovskite solar cells, poten-
tially paving the way for more stable, efficient, and eco-friendly photo-
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voltaic technologies.







Chapter 6

Conclusions

This thesis presents a comprehensive investigation into the mechanisms
that drive the morphology build-up of a segregating phase during phase
separation processes involved in the production of structured materials.
The investigation is focused on two distinct systems: polymeric foams
and tin-based perovskite-polymer composites. For each system, signifi-
cant insights are provided into the mechanisms governing phase separa-
tion, namely, nucleation, growth, and coarsening. This contributes to the
overarching aim of developing novel methods for structuring soft compos-
ite films at the micro and nano scales.

The impact of a liquid blowing agent, specifically Methylal, on the mor-
phology of polymer foams was investigated. It has been demonstrated that
methylal functions as an effective physical blowing agent for thermoplas-
tic polyurethane (TPU), exhibiting high solubility. The combined use of
Methylal and CO; led to a notable enhancement in the morphology of the
foamed samples, characterized by a substantial increase in bubble number
density, a reduction in average bubble size, and a decrease in densities.
Additionally, Methylal has been observed to augment the foaming ability
of conventional gaseous agents, facilitating the expansion of processing pa-
rameter windows and enhancing the stability and reproducibility of the
process, which suggests promising potential for industrial applications.

To meet the challenge of a more precise control of the foam morphology,
a deeper analysis of the phenomena involved in the build-up of the mor-
phology was carried out in order to gain more tools for the design of new
technologies. The Inverse Pressure Quench treatment was developed and
proved to be effective in decoupling bubble nucleation from growth. This
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approach allows a comprehensive analysis of numerous phenomena, namely
bubble nucleation, growth, coalescence and Ostwald ripening, and allows
bubble dynamics to be manipulated. Furthermore we designed a complex
pressure treatment, namely the periodic pressure treatment, which exploits
bubble interaction to modulate the relative position of the bubbles.

The design of these treatments not only allows to broaden the observa-
tion window for bubble dynamics, but also opens up opportunities to use
the same to measure the physical properties of polymer/gas systems, or for
improved foam processing technologies in various applications, including
scaffolds for tissue engineering and thermal insulators. The uses of this
novel designed approach has been proved. The fabrication of nanoscale
porous polymeric membranes from PLGA films via physical foaming has
been the subject of investigation. The introduction of a gas barrier layer
has been demonstrated to be an effective method for the fabrication of
nanoscale porous polymeric membranes via physical foaming. A com-
prehensive examination of the resulting foam morphology revealed that
confinement exerts a profound influence on the morphology of the formed
membranes. Additionally, the occurrence of early coalescence was iden-
tified as a significant factor that renders the conventional approach to
morphology tailoring ineffective. It is therefore proposed that the combi-
nation of the inverse pressure quench with the diffusion barrier approach
can be used to control the coarsening phenomena and exploit them as a
morphology control tool, in a similar manner to that employed in solution
processing crystal formation by the annealing process. The proposed ap-
proach, termed Coarsening Driven Gas Foaming, offers a promising avenue
for the tailoring of membrane porosity and structure.

An investigation was conducted to analyze the solution processing of
tin-based perovskite with the objective of developing new morphology con-
trol tools. The study investigated the impact of pyridine-based polymer
additives on tin-based perovskite, demonstrating how these additives can
facilitate crystallisation and regulate the formation of encapsulated crys-
tals by leveraging the strong interactions with tin ions. The combined ef-
fect of a pyridine small molecule additive and a long-chain pyridine-based
polymeric additive proved to be the most effective solution for improving
the crystallization process and passivating surface defects. The optimized
polymer concentration facilitated a reproducible antisolvent-free deposi-
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tion process, leading to significant improvements in device efficiency. This
work paves the way for further refinement of polymer-perovskite compos-
ites, which will in turn facilitate advancements in stable, efficient, and
environmentally friendly photovoltaic technologies.

This research successfully underscores the driving mechanisms gov-
erning phase separation in each different system while addressing specific
challenges in each application. The development of innovative techniques
for the fabrication of soft composite films through a multidisciplinary ap-
proach has been well received. The proposed methods draw inspiration
from the distinct approaches employed in two systems that appear to be
disparate: polymeric membranes and perovskite composites. The innova-
tive strategies introduced, including the inverse pressure quench treatment,
the coarsening-driven foaming and the dual molecular weight additives,
not only advance our understanding of material behavior under phase sep-
aration but also enhance the practical applicability of these materials in
industrial processes. In conclusion, the results demonstrate a significant
advancement in the design and control of structured materials, fulfilling
the study aim and providing a solid foundation for future research into
the optimization of micro- and nano-scale materials. The insights gained
from the interactions of different phase separation mechanisms contribute
to a broader understanding, inspiring impactful advancements in material
science and engineering.







Appendix A

Bubble dynamic manipulation

in polymer foaming

A.1 Rheological measurements

The linear viscoelastic properties of the polymer were measured at 180°

using an MCR-WESP rheometer, Anton-Paar, Austria.
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Figure A.1. G’, G”, and viscosity (n) of polypropylene (PP) as a function of

the shear rate.
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Appendix B

Porous membranes produced
via physical foaming

B.1 Spin coating parameter optimization

The spin coating optimization of PLGA /DMC solution was performed.
The optimization involves the test of two spin mode, static and dynamic,
several spin speed, ranging from 2000 rpm to 6000 rpm, and different the
solution concentration, namely 3-5-8 % m/m (Figure B.1 and Figure B.2)

It was observed that film homogeneity improves as the spin speed in-
creases and the PLGA mass fraction decreases. Furthermore, films made
in the static mode shows higher homogeneity.

B.2 Film thickness measurement

Thickness measurement was carried out by profilometry analysis, using
a Veeco Dektak 150 profilometer (Billerica, Massachusetts, United States)
(Figure B.3. The PLGA film was fabricated via spin coating on a ITO
covered glass substrate of a PLGA/DMC 5 %w/w solution using a spin
speed of 5000 rpm for 60 s dripping the solution in static condition. The
film was finally notched with a razor blade in the center.
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Figure B.1. Spin coating parameter optimization in static mode
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