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ABSTRACT

This research aimed to enhance and quantify the wettability and water affinity of Expance/ microparticles
which generally demonstrates a lack of affinity with water. To enhance their water affinity, hydrophilic
coatings like SiO, and TiO, were deposited onto the microparticles using atomic layer deposition (ALD).
Various experimental techniques were employed to analyse the affinity, wettability, surface morphology,
surface charge, and elemental compositions of the coated particles. TGA was conducted to examine the
water affinity by subjecting the particles to direct heat in the temperature range of 25°C to 130°C under inert
conditions. Weight loss% w.r.t temperature were measured, with a focus from the initial stage 25°C to 80°C,
representing moisture loss from the surface. An increase in weight loss% was observed for SiO, samples as
the number of coating layers increased, indicating enhanced affinity with water. SEM images were captured
at different temperatures of 80°C, 100°C, and 130°C to clarify and explain the trend observed in TGA graphs.
It was discovered that there is no expansion until 80°C, full expansion at 100°C, and particle ruptures at
130°C due to the fact that the encapsulated gas escapes the particles completely. Experiments to measure
WCA were conducted to quantify the wettability of coated particles and compare them to uncoated particles.
The data indicated improved wettability for SiO, and TiO,-coated particles, as evidenced by reduced contact
angles. As Expancelmicroparticles tend to agglomerate in the presence of water, focused beam reflectance
measurement (FBRM) analysis was employed to measure real-time agglomerate size. The FBRM
measurements demonstrated reduced agglomerate sizes for coated particles compared to uncoated
particles. XPS analysis was used to examine the elemental compositions on the particle surface after coating
with varying no. of coating layers; higher silicon (Si) concentrations were found as compared to titanium
(Ti). ICP-EOS was used to quantify the amount of Si and Ti weight% after varying no. of deposition layer.
The data indicated that the amount of Si was measured to be a lot more than the theoretical value, which
implied CVD behaviour in our reactor. LEIS analysis revealed that one layer of coating achieved full surface
coverage with SiO,, and subsequent coating cycles did not significantly alter the surface composition.
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INTRODUCTION

Expancel is acommercial product manufactured by Nouryon. This micro-powder has a low-density core polymer that
encapsulates the gas, surrounded by a thin, robust shell that gives particles excellent resistance to compression and
collapse. When particles are exposed to heat, they tend to expand up to 60 times their original size [1]. This is because
the shell that encapsulates the gas softens, and the pressure of the gas inside the hollow sphere increases, resulting in
the dramatic expansion of the powder. This expanded powder has the same weight while covering a larger volume. This
exceptional property makes it suitable for applications such as a lightweight filler, blowing agent or inks and pigments
for paintings. However, Expancel exhibits limited affinity with water, which results in reduced wetting and dispersion
effects. When exposed to water, the polymer powder has a tendency to agglomerate or segregate, thereby hindering
efficient dispersion and limiting the applicability of the powder in water. This poses a problem when using it, for
example, in waterborne paint.

To overcome this limitation and broaden its potential applications, it is necessary to modify the surface properties of
Expancel while preserving its specific bulk properties. One viable approach to enhance its affinity with water is to apply
an ultra-thin coating of an inorganic substance with highly hydrophilic characteristics using Atomic Layer Deposition
(ALD). It is a technique for depositing ultra-thin coatings in the nanometre range by employing sequential exposures of
precursors to the surface. ALD achieves precise control over the thickness of the coating based on the performance of
the system and the number of cycles conducted. This method is well suited, as it ensures that the weight of the powder
remains largely unaffected, thus preserving its inherent bulk qualities.

Thus, this study was undertaken with the objectives:

- To quantify the wettability of Expancel

- To analyse the surface of coated particles using various characterisation techniques such as SEM, XPS, LEIS, ICP-EOS

- To evaluate the affinity with water and wetting behaviour of the coated particles using TGA, WCA and FBRM
techniques

- To determine which coating gives optimal results (increase in affinity and decrease in agglomeration) concerning
wettability.

1.1 Scope of The Research

The focus of this project is specifically on the predetermined coating method, ALD, and therefore, exploring alternative
coating techniques to enhance particle wettability falls beyond the scope of this study. However, considering the
objectives of the study, the characterization techniques to be employed include Thermogravimetric Analysis (TGA) for
assessing water affinity, Scanning Electron Microscopy (SEM) for studying surface morphology, Water Contact Angle
(WCA) measurements to evaluate wettability and surface energy of Expancel, Zeta Potential for determining surface
charge, and Focused Beam Reflectance Measurement (FBRM) for monitoring agglomeration and phase segregation over
time.

1.2 Thesis Report Outline

The report commences with the Theoretical Background, providing the essential knowledge required to understand
the conducted experiments and the subsequent results. This is followed up by the Methodology section, outlining the
procedures involved. The observations and their interpretation are then discussed in the Results & Discussion section.
Finally, the report concludes with concluding remarks in the Conclusions section.



THEORETICAL BACKGROUND

This chapter includes the necessary background information for comprehending the study and the conducted
experiments. The section begins with an overview of the Expancel product, followed by an explanation of the
fundamental principles of ALD, wettability, and various characterization techniques such as TGA, SEM, Zeta Potential,
and FBRM. These topics are further explored and discussed in detail within this chapter.

2.1 Expancel

Expancel is a commercial product manufactured by Nouryon. It is a thermoplastic hollow microsphere encasing a gas
within its centre. When subjected to heat, the gas inside the microsphere expands, causing a significant increase in the
volume, as illustrated in Figure 2.1. The polymer shell exhibits elasticity when it reaches the glass transition temperature,
which is approximately 80°C. Upon cooling, the shell hardens, and the microsphere retains its enlarged shape. This
unique property allows Expancelto expand up to 60 times its original volume without a significant increase in weight.
[1].

Shell thickness Shell thickness
—— 2 um 0.1um

Blowing agent

12 um 40 pm

Expansion up to 60x original volume

Figure 2.1 Expancelmicrosphere from 12 pm to 40 um when exposed to the heat [1]

The SEM images in Figure 2.2 illustrate the initial state of Expancel at room temperature, i.e. 25°C, where no expansion
is observed, retaining its original shape and structure. However, when it is exposed to elevated temperature, i.e. 100°C,
we can observe an increase in the volume of the microsphere, highlighting the expansion phenomenon in response to
the heat.



SElI 5kV WD11mmSS10 A — SElI 5kV.  WD11mmSS10 x2,500 10pm

Figure 2.2 (a) SEM image of Expancelat room temperature (25°C) Figure 2.2 (b) SEM image of Expancelat elevated temperature (100°C)

Figure 2.2 SEM images of Expancelat room temperature (showing no expansion) and at elevated temperature (showing expansion)

The particles are approximately 10-15 pm at room temperature. The shell of the polymer has a thickness of 2 pm and
decreases in thickness when the microsphere is expanded. When it reaches its maximum expansion (i.e. 60 times the
original size), the shell thickness is reduced to 0.1 um. The shell of the polymer is generated by radical polymerization of
the monomers acrylonitrile and methyl methacrylate (refer to figure 2.3). The polymer substrate has no affinity for water
and serves as a protective and impermeable shell, allowing the gas to remain within and keep the particles floating. The

density of the regular particles is 1100 kg/m?, and the density of the expanded particles is 30 kg/m®.

O

| HoC

C\ OCH3
Cs CHq

Figure 2.3 (a) Acrylonitrile Figure 2.3 (b) Methyl methacrylate

Figure 2.3 Chemical structure of the two monomers that form Expancel/polymer. (a) Acrylonitrile & (b) Methyl methacrylate

2.2 Atomic Layer Deposition

This section gives background information on the most important aspects of Atomic Layer Deposition (ALD).

2.2.1 General

Atomic Layer Deposition (ALD) is a method that dates back to the 1960s and 1970s. Two research groups, one in the
Soviet Union and the other in Finland, independently discovered the layering technique [2]. Initially referred to
as Atomic Layer Epitaxy (ALE), which translates to "on arrangement” and implies the deposition of one crystalline film
over a crystalline substrate(3, 4]. However, it was discovered that most of the reactions resulted in amorphous films
rather than epitaxial growth. As the technique evolved, it became known as Atomic Layer Deposition (ALD), becoming
the dominant method for layer deposition.

ALD is employed to deposit uniform and conformal thin layers of materials onto a substrate. It shares similarities with
Chemical Vapor Deposition (CVD) in that both techniques involve sequential, self-limiting surface reactions between a
substrate and precursor. The reaction tends to continue until a monolayer of material is deposited. One notable
advantage of ALD is its ability to modify the surface properties of a material while preserving its bulk properties. This
feature expands the range of applications for various materials, enabling the adjustment of surface properties such as



conductivity, chemical reactivity, and wettability. ALD consists of four steps, where the precursor pulses are alternated
with purge steps. In contrast, a different method called Chemical Vapor Deposition (CVD) involves simultaneous
exposure of both precursors. This method is based on binary reactions [3]. ALD typically results in a thin layer between
0.1nm and 100nm, depending on the number of cycles, CVD applies a thicker layer ranging between 100nm and 100pm
[6]. Furthermore, ALD coatings exhibit excellent uniformity due to the self-limiting reaction and the step-wise precursor
pulse, resulting in the deposition of only one layer per cycle. Whereas, using CVD, the layers are formed as a function of
reaction time because the precursors are exposed to the surface simultaneously. Also, the layer growth occurs locally,
which results in a non-uniform layer and a larger coating thickness.

While ALD can be applied to a variety of surfaces, including nano-powders, flat substrates, and even nanotubes, this
study focuses on the polymer microsphere surface of Expancel Due to the organic content on the polymer surface, it
exhibits low affinity with water. And introducing an ALD layer will seek to enhance its hydrophilicity. Previous studies
have demonstrated that coating microspheres with inorganic materials such as silica (SiO,) or titania (TiO,) improve
particle wettability [5]. Hence, the chosen precursors will enhance the hydrophilicity of Expancel.

2.2.2 Reaction

Atomic Layer Deposition is a technique where a thin layer on a nanoscale is deposited over a substrate by exposing a
surface to gaseous reactants. This technique is based on self-limiting surface reactions, which form a coating by
performing a sequential reaction cycle. This process can then be repeated multiple times to build up the desired
thickness of the film. One cycle of an ALD reaction generally consists of four steps: (1) pulse of the first precursor; (2)
purge; (3) pulse of the second precursor; (4) purge. One entire cycle can be seen in Figure 2.4 [5]. One complete reaction
cycle is divided into two half-reactions. In this case of TiCl,, equation 2.1 represents the first precursor pulse in which
chlorides replace hydroxyls, and Ti-O bonds are formed, and equation 2.2 illustrates the second precursor pulse of H,O;
these H,O molecules react with chlorides and generate new hydroxyls.

[Surface] - OH - + TiCly = [Surface] — O - TiClz - + HCI 2.1)

[Surface] - O - TiClg - + 3H,0 - [Surface] — O - Ti - (OH)3- + 3HCI (2.2)
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Figure 2.4 One complete cycle of ALD. (1) top right is the first precursor (SiCls or TiCly) pulse, (2) N2 a purge step, (3) bottom is the second precursor
(H20) pulse and (4) N, purge step.

This study aims to assess the wettability of SiO, and TiO,-coated Expancel utilizing silica tetrachloride (SiCly) and
titanium tetrachloride (TiCly) as primary precursors. Another precursor employed in this process is H,O, which acts as
an oxidant, and N, a carrier gas used for purging, ensuring the removal of surplus precursors. For successful layer
deposition, the substrate surface requires nucleation sites for the precursor to react. Hence, the initial cycles of ALD
involve reactions between surface groups (-OH) and the precursors. As the process continues, layers are built upon
previously deposited layers, resulting in continuous growth known as Growth Per Cycle (GPC)[7]. The applied coating
thickness using ALD is usually between angstroms and nanometres [4, 8]. ALD creates strong covalent bonding between



the layers, ensuring in good adhesion [10]. This adsorption is called chemisorption, where a chemical bond is formed
between the precursor and the substrate. Another type of adsorption that can occur is physisorption, which is driven by
intermolecular forces such as van der Waals attractions [11]. When utilizing CVD, physisorption between the precursor
and substrate occurs more frequently since the precursors are introduced simultaneously. However, due to the covalent
forces involved in chemisorption, ALD will offer a stronger coating compared to CVD.

ALD reactions are typically performed at high temperatures to maximise the reaction's rate. However, in cases where
the substrate properties do not allow for high-temperature operation, low-temperature ALD (LT-ALD) is employed,
which involves temperatures below 100°C [13]. Considering the properties of Expancel, a temperature-sensitive polymer
that begins expanding at 80°C, and the exothermic nature of the reaction between the precursor and substrate, it was
decided to perform the ALD experiments at 50°C. One significant disadvantage of this approach is the lengthy purge
times to prevent CVD. The longer purge times are a result of the slow desorption rates at low temperatures [4,14].
However, even with larger purge times, there is always a risk of CVD occurring on the particle surface within the reaction
chamber, as physisorbed reactants are not easily purged.

Depending on the substrate and required productivity, a variety of reactor types are available. The purpose of the
reactor chamber is to provide the necessary environment for allowing the reactant gases to efficiently reach and react
with the substrates under process conditions that ensure ALD (12). In our specific case, when dealing with micro-
powders, a fluidized bed reactor is preferred. Utilizing a fluidized bed for ALD offers several advantages, including
efficient heat transfer, increased surface area (to achieve a more uniform deposition), and improved reaction kinetics,
which contribute to achieving the desired product. In the reactor, the precursors enter the column from the bottom,
causing them to fluidize and mix with the gas. This arrangement ensures uniform exposure of the solid particles to the
precursor gas, resulting in uniform film deposition A schematic image of a fluidized bed used for ALD is seen in figure
2.5.
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Figure 2.5 Schematic overview of a fluidized bed reactor used for ALD.

2.3 Characterisation Techniques

This section explains the key characterisation techniques used throughout this study, which will be beneficial for
evaluating the obtained results.

2.3.1 Water Contact Angle
Wettability helps quantify the capacity of liquids to interact with solid surfaces. It determines the amount of wetting

between solid and liquid phases that can be determined by measuring the water contact angle, which is used to evaluate
the hydrophilicity or hydrophobicity of a material's surface. A lower contact angle (<90°) indicates greater wettability or
hydrophilicity, while higher contact angles (>90°) indicate lower wettability or hydrophobicity. Alow water contact angle
on a surface indicates high hydrophilicity, implying that the water droplet spreads over a large area on the surface
instead of forming a spherical bead as it would on a hydrophobic surface. The contact angle is defined as the angle
formed between the liquid-air interface and the solid-liquid interface at the three-phase contactline. Alow contact angle
signifies that the solid-liquid interface is nearly flat, indicating significant wetting of the liquid on the surface.

Wettability can be calculated using many techniques, including the conventional telescope-goniometer and drop-
shape analysis methods [16]. When a droplet makes contact with a surface, as shown in Figure 2.6, the energies of the



three-phase contact line are reduced to a minimum, causing the tangent of the droplet surface to create a distinct angle
of contact with the outer surface, as described by Young's equation:

ySV —ySL=yLV cos(8) (2.3)

Vapour

Figure 2.6 Sessile drop on the pellet for measuring WCA where y' is the liquid surface free energy; y*" is the solid surface free energy; y*- is the solid/liquid
interfacial free energy; 0 is the contact angle

We may infer from equation 2.3 that a fluid will wet a surface if its surface energy is less than the difference between
the solid-vapour and solid-liquid interfacial energies (this value is known as the critical surface tension). Any non-
uniformity (physical or chemical) can cause the actual value to differ.

WCA and wetting time are significant parameters in describing surface wettability. WCA measures the angle between
the liquid-air interface and the solid surface, indicating the hydrophobic or hydrophilic nature of the surface. Wetting
time, on the other hand, refers to the duration for a liquid droplet to spread, in our case, it is sinking into the pellet
making it completely wet. WCA and wetting time are interconnected, as the WCA value influences the wetting time. A
hydrophobic surface with a high WCA value will have a longer wetting time compared to a hydrophilic surface with a
low WCA value.

To determine wettability, the water contact angle (WCA) is measured to establish how SiO, and TiO, coating influences
these contact angles. To measure the contact angle, the powder is pelletized, which involves compacting the powder
into a flat and uniform surface. This method ensures accurate contact angle measurements of a stationary liquid droplet
on the surface and minimizes the impact of surface roughness on contact angle measurement. Typically, the
conventional analytical method of the sessile drop can be employed to measure the WCA. A small droplet of liquid is
placed on the pellet's surface for the sessile drop test, as depicted in Figure 2.6. The contact angle between the liquid
and the solid surface is then measured. This measurement indicates the wetting behaviour of the liquid on the solid
surface and provides insights into the surface's wettability. Considering the objective of enhancing the hydrophilicity of
the coated particles, we expect low contact angles with water. However, WCA on powders is not considered a reliable
indicator of water affinity due to the parameters such as porosity and surface roughness. Thus, we do not use this
method as the only indication of wettability.

2.3.2 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) is a technique employed to measure the mass of a substance in relation to
temperature or time. This is done by subjecting the sample specimen to a controlled temperature program in a
controlled environment. TGA consists of a sample pan that is supported by a precision balance. During the experiment,
the pan undergoes heating or cooling in a furnace, and the mass of the sample is continuously measured. The sample
environment is regulated by a purge gas, which flows over the sample and escapes through an exhaust. This gas can be
inert or reactive in nature.

This analytical approach enables the quantification of various factors such as loss of water, loss of solvent, loss of
plasticizer, decarboxylation, pyrolysis, oxidation, decomposition, weight % filler, amount of metallic catalytic residue
left on carbon nanotubes, and weight % ash [19]. From the working principle of TGA, we can effectively evaluate the
weight loss percentage of both uncoated and coated Expancel, as well as determine the amount of water present in the



sample and how it varies with increasing temperature. As the temperature rises, the volatile components evaporate,
leading to a decrease in the sample's weight. This weight change provides insights into the amount of water present in
the sample and its interaction with the substrate. Moreover, different outcomes can be observed at increasing
temperatures depending on the properties of the substrate. Furthermore, figure 2.7 presents a general representation of
the TGA plot of weight loss% vs temperature. Further details explaining this plot will be discussed in section 4.1.
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Figure 2.7 General representation of TGA plot of Weight Loss% Vs Temperature of uncoated Expancel.

2.3.3 Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) is a technique that utilizes a focused electron beam to scan the surface of a
sample, generating highly detailed and magnified two-dimensional images. The electron beam is directed towards a
specific area of the solid sample's surface, leading to interactions between the electrons and the sample. These
interactions produce various signals that are captured by a detector, allowing for digital representations of the sample's
morphology and topology. [20]. SEMs can potentially magnify specimens up to 300,000 times [21]. However, it should
be noted, however, that the coating thickness cannot be directly determined using SEM since it only analyses the surface.

In addition to surface imaging, SEM can be combined with other analytical methods, such as Energy Dispersive X-Ray
Spectroscopy (EDS), shown in Figure 2.8(b), to provide sample compositional information. In this context, the intensity
of the green colour indicates the concentration or quantity of TiO, coating present on the particle. A brighter or more
intense green colour corresponds to a higher amount of TiO. coating on the particle's surface. This enables a more
thorough examination of surface morphology, including the distribution of various components on the surface.

BEC 5kV. WD10mmSS50 x2,500

Figure 2.8 (a) SEM-BEC image of TiO.-coated Expancel Figure 2.8 (b) EDS Elemental Mapping of TiO.-coated Expancel
Figure 2.8 SEM - BEC Image and EDS Elemental Mapping of TiO: - coated Expancel



2.3.4 Zeta Potential Measurement

The zeta potential also referred to as the electrokinetic potential, is a measure of the electrical potential difference
between the surface of a charged particle in suspension. It reflects the degree of electrostatic repulsion between
particles. It can be used to optimize the formulations of suspensions and emulsions, predict surface interactions, and
optimise the formation of films and coatings. The measurements are performed while an electric field is applied to a
dispersion of the material in an appropriate dispersion medium [23].

Within the liquid layer surrounding the particle, there are two distinct regions: an inner area known as the stern layer,
where the ions are closely bonded, and an outer region referred to as the diffuse layer, where the ion is less closely
bonded. The ions and particles form a stable entity within the diffuse layer due to a notional barrier. Ions inside the
border move when a particle moves (for example, due to gravity). The ions that cross the border remain in the bulk
dispersant. The zeta potential is potential at this border (surface of hydrodynamic shear) shown in Figure 2.9 [24].
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Figure 2.9 Schematic representation of zeta potential [24]

There is a broad dividing line between stable and unstable suspensions that is generally set at +30 or -30 mV. When
the zeta potential has a high absolute value (either positive or negative), it indicates strong repulsive forces between
particles and is often considered stable. This electrostatic repulsion counteracts the attractive van der Waals force by
preventing the particles from coming close together, thereby reducing the likelihood of particle aggregation.

The zeta potential is influenced by the type of dispersion as well as the characteristics of the surface. Previous studies
suggest that polymer surfaces generally exhibit lower surface charge density and indicate reduced hydrophilic
behaviour. For example, surfaces composed of SiO, are hydrophilic and tend to have a high charge density. The
literature also demonstrates that using ALD with metal oxides, such as SiO, and TiO,, can enhance the hydrophilicity of
surfaces [25 - 32]. Consequently, when comparing the zeta potential of different materials, it is crucial to consider not
only the particle's zeta potential but also provide details about the dispersant and the dispersion medium's properties.
There are certain factors which might influence zeta potential, one such factor is pH.

The pH of a sample has a significant impact on its zeta potential when it is suspended in an aqueous medium. In the
case of a particle suspended in water with a negative zeta potential, the addition of alkali to the suspension results in an
increase in the negative charge of the particles. If acid is added to this suspension, it will reach to a point where the
charge will be neutralized. Conversely, the introduction of acid to the suspension will eventually neutralize the charge.
However, if more acid is added, it may lead to a build-up of positive charge if specific ions are adsorbed onto the
particles' surfaces. As a result, a zeta potential versus pH curve will exhibit a positive value at low pH and a negative
value at high pH. The point where the plot intersects the zero zeta potential is known as the isoelectric point, which
holds practical significance. It is often the critical point where particle aggregation becomes highly probable, making
the colloidal system less stable.

In Figure 2.10, a representative graph illustrating the relationship between zeta potential vs pH. The isoelectric point
of the material, in this case, is about pH 5.5. Furthermore, the figure may be used to anticipate whether the sample will



be stable at pH values less than 4 (sufficient positive charge) or greater than pH 7.5. (sufficient negative amount is
present). Dispersion stability issues would be predicted at pH values ranging from 4 to 7.5, with zeta potentials ranging
from +30 to -30mV [24].
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Figure 2.10 Schematic zeta potential Vs pH plot indicating isoelectric point [24]

2.3.5 Focused-Beam Reflectance Measurement (FBRM)

Focused beam reflectance measurement (FBRM) is used to monitor the particle size distribution in situ and
agglomerate size in our case. Particle size is an important product specification for many particulate products that
should be monitored in line. Therefore, in the past decade, focused beam reflectance measurement (FBRM) has become
one of the most frequently used in-line particle characterisation techniques.

The FBRM measurement principle, depicted in Figure 2.11, relies on backward light scattering. To perform the
measurement, a laser beam is coupled to an immersible probe via an optical fibre. This laser beam deviated from the
probe’s central axis with an optical conduit. A rotating lens focuses the laser beam into a dispersed medium, resulting
in a double conical laser beam in a circular motion in the medium. When the laser beam intersects with a particle, light
is scattered in various directions. [33]. The part of the light scattered back in the incidence angle is collected by the
rotating lens. This back-scattered light is coupled via a beam splitter to a second fibre. Through this fibre, the
backscattered light is conducted to a detector.

beam isplitter probe wi'ndow

from laser

to sensor

\

optical fibres rotating optics medium

Figure 2.11 Schematic sketch of FBRM probe [33].

By using this measurement principle, chord lengths are recorded as data points. However, it is important to note that
even for perfectly spherical particles, a chord length alone does not provide a unique particle size measurement, unlike
the diameter, which uniquely defines spheres. To obtain particle size information from the chord length distribution, a
model and an inversion algorithm are required. When using the FBRM technique, we typically disperse the agglomerates
in water. Dispersion involves the breakdown and distribution of individual particles in a suspension. On the other hand,
agglomerates are formed when individual particles or clusters of particles come together and stick to each other, forming
clusters. This can occur due to various factors, such as van der Waals.



2.3.6 Inductively Coupled Plasma Spectroscopy (ICP)

Inductively Coupled Plasma (ICP) Spectroscopy is an analytical technique that uses the ionisation of elements present
in a sample matrix to measure and identify elements. It finds applications in various surface analysis scenarios, such as
the analysis of trace elements, determination of impurities, and characterisation of thin films. It is beneficial for
analysing complex samples, as it can provide a high degree of sensitivity and specificity for a wide range of elements.
After passing through the ICP, the mass spectrometer separates the ions by their mass-to-charge ratio. The detector then
counts the selected ions per second, enabling the instrument to quantify the concentration of each element accurately.

ICP analysis requires liquified sample solutions, so solid samples are often digested prior to analysis. Once the sample
is liquid, the ICP aerosolises it with argon (Ar) carrier gas, delivering only the tiniest droplets through the chamber and
onto the argon plasma torch. The Ar plasma desolvates and ionises the material, which is subsequently extracted from
the plasma using a skimmer, interference cones, and extraction lenses. After passing through the lenses, the ion particles
are refined further by an off-axis ion lens, which removes photons and neutral ions and reduces background noise. The
ions are separated by their mass-to-charge ratio in the mass spectrometer enabling only the chosen ions to pass on to
the detector to be detected and reported by the ICP-MS in terms of counts per second and concentration [34]. ICP
analysis can measure the amount of material deposited on the substrate. This information is essential for determining
the uniformity and coverage of the coating.

2.3.7 X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a quantitative technique for determining the elemental composition of a
material's surface. It also determines the elemental binding states and typically probes to a depth of 10 nm [35]. The
approach is based on measuring the kinetic energy of electrons released from the sample surface when excited by an X-
ray source. Electrons are expelled from the innermost shells of the atoms from the sample. Their kinetic energy is
determined by the electrons' binding energy, which is unique to each element. The sample's elemental composition can
be accurately determined by analysing the X-ray photoelectron spectra.

This analysis for ALD-coated microparticles helps determine the elemental composition of the coating and evaluate
the homogeneity of the deposited layer of SiO. and TiO.. It can also offer information on the oxidation state of the
elements in the coating, which helps understand the chemical reactions that occur during the ALD process.

2.3.8 Low-Energy Ion Scattering (LEIS)

Low-Energy Ion Scattering (LEIS) is an analytical technique that provides quantitative information on the elemental
composition of the outermost atomic layer of the sample. It is the most surface-specific chemical analysis technique of
all. In our case, LEIS can be utilized to determine the surface coverage of a thin film or coating on a sample, which is of
relevance.

During LEIS analysis, the sample surface is bombarded with noble gas ions of a few keV energy. The energy of the
scattered ions reflects the presence of various elements on the surface. This technique can achieve detection limits in
the parts-per-million (ppm) range for heavy elements and in the percentage range for light elements. Particles scattered
from deeper layers (max. 10nm) contribute to background signals that indicate the presence of elements at those depths.
As a result, the element's concentration profile (static depth profiling) is available, providing crucial information such
as film thickness. In our study, the experiments were conducted using the IONTOP Double Toroidal Energy Analyser,
with Helium ions as the noble gas ions. The incident energy of these ions was set to 3000 eV, and scattering angle at 145¢.



METHODOLOGY

This chapter describes the methodology that is followed during the course of this project:

3.1 Atomic Layer Deposition

In section 3.1, the details are provided of the materials required (Expancel, SiCls, TiCly, H,O); experimental setup;
sample preparation; operating conditions; and sample collection.

3.1.1 Experimental Setup

The flowsheet of the ALD process can be seen in Figure 3.1. The set-up consists of the following parts, where the
abbreviations behind the items are given if they are shown in the flowsheet:

- Precursor bubbler with SiCl, or TiCl, (E-1)
- Oxidizer bubbler with H,O (E-2)

- Carrier gas flow for precursors (MFC-1)

- Purge gas flow with N, (MFC-2)

- Pressure sensor

- Fluidized bed reactor(R-1)

- Back-pulse (V-11)

- Outlet, wash bottles(V-10,F-1,F-2)

- Heating mantle and combined thermocouple
- Thermocouple inside the column

- Vibration table

H-1
19,00

MFC-1
0,00
0 Vmin
Nitrogen

Figure 3.1 Flowsheet of ALD experiment

The entire ALD set-up in the lab is shown in Appendix Figure B.1 The precursor liquids (SiCls, TiCly and H,O) are
located inside the bubblers and are carried with the N, gas towards the reactor. The gas enters the fluidized bed reactor
from the bottom. The powder bed is fluidized, and the gas exits the reactor at the top. During the process of fluidization,
there might be some agglomerates forming in the glass reactor because of the moisture present. These agglomerates can



be broken down to particles’ primary size range using the vibrating table, which is usually set at a frequency of 40Hz.
The excess precursors and side products are carried off through the outlet towards the wash bottles. The acidic gas HCI,
which is a product of the ALD reaction, was neutralized with a base in the wash bottles.

After running the experiments, it was observed that some of the powder was stuck to the wall of the glass, which gave
us a decreased amount of powder in the bed. Figure B.2 shows the fluidised bed reactor mounted on a vibrating table,
including the heating mantle, which was used for all experiments. The attached thermocouple - 2 can also be seen,
which measures the temperature inside the reactor. The heating jacket is attached to the bottom of the column since
that is the location of the bed of particles. The temperature of the flow is elevated by using the heating jacket, and the
temperature is monitored with two thermocouples. The thermocouple - 2 is located inside the reactor, and the
thermocouple - 1 is attached to the surface of the glass column, which acts as a safety limiter and measures the

temperature of the heating jacket, and the temperature is generally limited to 60°C. As the reaction is exothermic, the
reaction temperature at the bulk would be greater than that of the surface, which will lead the Expancelto expand, which
is depicted in Figure B.3.

From Figure B.2, we can see that the inlet flow valve and the pressure sensor valve, which is connected to the
manometer, are attached to the bottom of the column. The pressure inside the column is monitored with the
manometer to avoid over-pressure in the column. If the pressure built up in the system is more than the set pressure,
the system trips and automatically shuts down. The reactants are pulsed into the reactor from the bubblers, which are
adsorbed on the powder. When the precursor pulse step is over, we purge the system by utilising pure N, gas, which will
account for the removal of excess reactants or side products formed. The outlet of the reactor, which is present at the
top of the column, transports the outlet gas towards the wash bottles. The back pulse valve is also present at the top of
the column. After each precursor pulse, a back pulse is carried out to remove possible powder from the distributor plate.
This is generally done by closing both valve 9 and valve 11 for a short amount of time while leaving the nitrogen flow
(MFC - 2) open. This resulted in a build-up of pressure in the line, and by opening valve 11, the pressure is released from
the top of the column. The powder, which was possibly attached to the top distributor plate back, falls back into the
column.

3.1.2 Conditions and Parameters

The ALD experiments were performed at a temperature of 50°C and at atmospheric pressure. In order to continuously
fluidize the powder, a vibrating table operating at 40 Hz was used at the bottom of the reactor set-up. The precursor was
pulsed through the reactor for 45 seconds with a flow velocity of 5 L/min. The purge step duration is 4 mins, depending
on flow behaviour. The oxidizer, precursor H,O, is pulsed for 60 seconds. These values are optimized by previous
research on the fluidization of Expancel The precursors that are utilised in the ALD experiments are SiCl, and TiCly.
These precursors are often used in the lab; therefore, the procedure is well-known. It was found that the use of TiCl,
resulted in better fluidization, meaning that fewer agglomerates were formed. The differences between the two coated
powders can be seen in Figures 3.2(a) and 3.2(b).

SEl 1.5kV WD11mmSS30 x100 100pm  — SEl 1.5kV. WD11mmSS25

Figure 3.2(a) SEM images depicting the agglomeration of SiO. coating. Figure 3.2(b) SEM images depicting the agglomeration of TiO: coating.

Figure 3.2 SEM Images depicting agglomeration of SiO.and TiO: coating



3.1.3 Collecting The Sample
Collecting the sample was done by disassembling the reactor from the set-up and opening up the bottom. A glass jar
was used to collect the coated sample.

3.2 Thermogravimetric Analysis
In section 3.2, the details of the experimental setup, operating conditions and sample preparation are given.

The TGA experiments were carried out on Thermal Analysis System TGA - 2 by Mettler-Toledo GmbH, shown in Figure
B.4. In the system, the temperature of a sample is gradually increased while measuring the weight on an analytical
balance. In general, the working temperature ranges from 30°C to 1100°C, and the sample is heated at a controlled rate
in a specified environment of built-in gas flow control (Air, N,, CO,, He, Ar). Then the resulting weight loss is measured,
which is due to semi-volatile compounds TGA is also performed in two stages: isothermal and dynamic. The internal
temperature in the system is kept constant during the isothermal stage, while the temperature is increased linearly
during the dynamic stage to generate a thermal reaction of the substance. The mass of the sample is continuously
monitored during the process to detect changes in the sample. Therefore, as a function of temperature or time, we can
obtain and record the change in weight of the substance.

We determined a method to quantify the moisture/water content present on the surface of uncoated and coated
samples, which is as follows; the temperature range was set to vary between 25°C and 130°C. The system was set to a
temperature of 25°C in an isothermal segment for the first 15 minutes (i.e. temperature was kept constant). Afterwards,
the system was transformed into a dynamic segment, in which the temperature was set to climb linearly at a heating
rate of 2°C/min until the system reached 130°C. Then the system was immediately turned back into an isothermal
segment for 15 minutes. The entire experiment is conducted in N, gas, which maintains a dry environment in the
apparatus and prevents the sample from absorbing moisture/water content from the atmosphere during the
experiment. A very tiny amount of sample from 0.5 mg — 1.00 mg was taken for the analysis. This is because we take the
expansion of Expancelinto consideration. Expancelhas the tendency to expand when exposed to a temperature greater
than 80°C, and this expansion hinders the sensor to monitor the weight loss% of the sample over time.

3.3 Scanning Electron Microscopy

In section 3.3, the details of the experimental setup, operating conditions and sample preparation are given.

Scanning Electron Microscope - Joel JSM - 6010LA was used to determine the surface morphology of the uncoated and
coated Expancel, as shown in Figure B.5. Carbon tape was placed over the top of a specimen holder to prepare the
sample, and a scoop of powder was placed on the carbon tape. The powder was spread out across the surface of the tape
with a spatula, and the loose powder was cleared off the surface using an air-pressure bulb. After sample preparation,
this specimen holder is mounted into the system. Before the system is evacuated by a vacuum pump, the working
diameter is adjusted to ensure better imaging of the sample, which in our case, was adjusted to 10mm. The depth of
focus increases as the working distance increases. Following that, the chamber is evacuated to maintain a low vacuum
pressure, which is normally between the range of 0.1 - 10* Pa.

The electron gun in SEM typically accelerates electrons through 1 - 30 kV of accelerating voltage, depending on the
nature of the specimen. High accelerating voltage enhances electron penetration into the sample, which eventually
obscures and blurs the surface features. Thus, keeping the nature of Expancel in mind, the accelerating voltage was
adjusted between the range of 0.5kV - 5kV.

Another aspect to consider while working with voltages is adjusting the spot size. The spot size can determine the sizes
of the sample area from which the signal is produced. The image with a big spot size will be less sharp but smooth,
whereas a smaller spot size will result in a sharper but coarser image appearance because of lower signal-to-noise ratios.
With high accelerating voltages, the spot size is often considered to be small; however, as the spot size is increased, the
accelerating voltage should be lowered. Linear translation (x, y, z), tilt, and rotation modes can all be employed for
imaging to modify the position of the specimen in relation to the incoming electron beam.

3.4 Water Contact Angle
In section 3.4, the details of the experimental setup, operating conditions and sample preparation are given.

Contact angles provide information about the hydrophilicity or hydrophobicity of a surface. The Drop Shape Analysis
System by Kruss Scientific GmbH was used to measure the Water Contact Angle (WCA), as illustrated in Figure B.7. To
determine the contact angle, we must first prepare an appropriate sample. Before performing the WCA experiment, the
powder was often pelletised using the die at 1 ton of pressure, as shown in Figure B.6. This was done in order to ensure
a smooth surface and reduction of irregularities over the surface. This pelletised sample was then placed over the glass



plate. A syringe of 1mL was entirely filled with demi-water and placed into the system. To avoid inconsistencies in the
shape of the water droplet, the glass plate was put directly beneath the syringe. The software Drop Shape Analyser was
used to generate a reproducible water droplet with a liquid volume of 5pL and a flow velocity of 100 uL/min. The contact
angles were measured immediately after water-tablet contact at room temperature, and the method selected was the
sessile drop method.

3.5 Zeta Potential
In section 3.5, the details of the experimental setup, operating conditions and sample preparation are given.

For determining the Zeta Potential, an 100mL of basic stock solution with 40ug solid NaOH pellets was prepared in
MilliQ water. And the powder concentration to be mixed in the stock solution was taken to be 0.1%, or Img/mL, as stated
in [36]. The Malvern ZetaSizer Nano series, Nano-ZS, was used to measure the zeta potential. The prepared samples
were transferred from glass jars to disposable capillary cells, DTS1070, and then placed in the ZetaSizer. Prior to
beginning the experiment, sample specifications had to be determined. The sample material chosen in the Standard
Operating Procedure (SOP) was PMMA, with a refractive index of 1.480 and an absorption of 0.010. PMMA is chosen
since it is similar to the material of Expancel The dispersant is water, with the default settings. During the experiments,
the resulting quality was checked with the Malvern Software. The "Expert Advice" tab within the software was consulted,
and if the data did not meet the quality criteria, the sample was checked, and it was run again.

3.6 Focused Beam Reflectance Measurement
In section 3.6, the details of the experimental setup, operating conditions and sample preparation are given.

The focused Beam Reflectance Measurement technique was used to detect the particle agglomeration and phase
segregation over time with the help of FBRM G400 by Mettler Toledo, shown in Figure B.9. For FBRM measurement, a
solution with an appropriate concentration was prepared in order for the probe to detect the particles in real-time. For
the desired concentration, 2 grams of powder was mixed in 200mL MilliQ water, Figure B.8. It is necessary to sonicate
the mixture to ensure an equal starting position for each sample. After sonication, the solution is placed onto the
magnetic stirrer at 100rpm to maintain steady stirring at room temperature. The probe is inserted into the solution, and
we can determine the particle size distribution with respect to time using the software FBRM 4.4.



RESULTS AND DISCUSSION

Atomic Layer Deposition of SiO, and TiO, was performed over Expance/with varying amounts of cycles (C). Our main
focus was to prepare the sample with SiO, and TiO, at 1C, 2C, 3C, 4C, 5C and 10C. These samples were all utilised in the
characterisation techniques.

This chapter analyses and discusses the comparative results of uncoated and coated (SiO, and TiO) particles that are
obtained from the performed experiments TGA, SEM, WCA, Zeta Potential, and FBRM mentioned in Chapter 3, and a
few other experiments XPS, ICP-EOS and LEIS were not conducted, and the results were provided directly. This chapter
starts off with the results obtained from TGA to depict the moisture content present over uncoated and coated micro-
particles, followed by the discussion of SEM images that illustrates the surface morphology at different temperatures.
Later, the results of the water contact angle and the influence of different coatings on wetting are discussed. An attempt
was made to measure the zeta potential and to correlate the results with FBRM measurements. The XPS, ICP and LEIS
data provided will be discussed at the end of the chapter.

4.1 Thermogravimetric Analysis

TGA was performed from a temperature range of 25°C to 130°C with a heating rate of 2°C min-! in the presence of a dry
nitrogen environment. Considering the uncoated sample, from the resulting plot in Figure 4.1, the Expancel loses
weight from the initial stage, i.e. 25°C till onset -1, i.e. 81°C. With the drop in weight% from the temperature of 25°C to
81°C, 97.64% of the initial weight is left, meaning Expancel consists of 2.36% of moisture. In Table 4.1, weight loss% from
the initial temperature till onset -1, from onset - 1 till onset — 2, as well as the overall weight loss%, has been depicted for
uncoated, SiO; and TiO,-coated Expancel.
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Figure 4.1.1 TGA Plot (Weight% Vs Temperature) for Expancel Uncoated from 25°C - 130°C and SEM images 1, 2, 3 at temperatures 80°C, 100°C, 130°C.

Typically the plot shows the weight change of the uncoated powder as a function of temperature. The initial weight
loss in the TGA plot would likely correspond to the removal of any volatile components, such as moisture, from the
sample. As the temperature increases from 25°C to 80°C, the plot shows a plateau region where a small amount of
deviation in weight% could be observed from the initial state. This could be due to the fact that the sample is directly



exposed to the heat in the TGA system in the dry environment, which results in the elimination of moisture from the
surface of the particle.

We can observe from the SEM Image - 1 that there is no major change at the surface of the particle. However, as the
temperature continues to increase from 80°C to 84°C, a sudden decrease in weight was observed, which is 4.58%, and
after 84°C, a gradual decrease in the weight of the particle was observed. One of the properties of the Expancelis that it
is thermally stable till 80°C, after this temperature, the particle losses its stability and the gas (iso-butane)encapsulated
inside the particle starts to expand (SEM Image - 2), causing the weak spots on the surface to crack, resulting in a
decrease in weight with increasing temperature. The overall weight loss% was observed to be 21% of the initial weight.

When analysing Expancel coated with SiO, and TiO, with 10C, a decrease in the weight from the initial stage is
observed, as can be seen in Figure 4.1.1. Typically, silica and titania tend to retain moisture, leading to a more significant
weight loss compared to uncoated particles. This weight loss can be attributed to the evaporation of moisture from the
surface. For SiO. 10C, the decrease in weight% from 25°C till 88°C (onset -1) is measured to be 4.24%, while for TiO, 10C,
the decrease in weight% from 25°C till 82°C (onset - 1) is measured to be 1.49%.
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Figure 4.1.2 (a) Weight% Vs Temperature Plot with SiO. coating at 10C Figure 4.1.2 (b) Weight% Vs Temperature Plot with TiO. coating at 10C

Figure 4.1.2 TGA Plot for Expancel from 25°C — 130°C and SEM images 1, 2, 3 at temperatures 80°C, 100°C, 130°C; a) with SiO: coating, b) with TiO. coating

Considering Figure 4.1.2a. a sudden weight loss from 88°C to 92°C is observed, from which we can state that 3.67% iso-
butane was eliminated from the surface within this temperature range. An overall weight loss% from 25°C to 130°C was
measured to be 17.19%. Similarly, in Figure 4.1.2b., there is a drastic decrease in weight from 82°C to 87°C, from which
we can state that 7.70% isobutane was removed from the surface within this temperature range. And an overall weight
loss% from 25°C to 130°C was observed to be 25.53%.

Considering our primary focus on the weight loss percentage from 25°C to onset -1, it can be established that the
weight loss % ranges between 2.01 — 4.56% for SiO,-coated samples, whereas the weight loss% ranges between 1.49 —
6.41% for TiO,-coated samples. However, no specific trend in the decrease of weight percentage with the increase in
coating layers was observed for TiO, samples. TiO, 3C exhibited a measured weight loss % of 6.41%, which may be a
potential error in the sample preparation. On the other hand, for SiO2 samples, there was an increase in weight loss%
from ~2% to ~4%, suggesting an increased affinity with water as the number of coating layers increased.



Samples (with Initial Temp (°C) Onset-1 Onset -2 ‘Wt Loss% from ‘Wt. Loss% Overall Wt.

varying no. of (°C) (C) Initial Temp till from Onset -1 loss%
cycles) Onset -1 (%) to Onset -2 (%) from 25°C
to 130°C (%)

Expancel Uncoated 25 81 84 2.36 4.58 21.00
Expancel 5i0O.1C 25 83 88 2.01 5.61 24.06
Expancel 5i0.2C 25 83 87 2.72 2.71 14.72
Expancel 5i0.3C 25 81 86 2.12 4.45 16.82
Expancel 5i0.4C 25 81 89 4.56 7.83 30.05
Expancel 5i0.5C 25 82 87 3.83 3.50 17.44
Expancel 5i0,10C 25 88 92 4.34 3.67 17.19
Expancel TiO. 1C 25 80 84 2.93 10.05 33.46
Expancel TiO.2C 25 81 84 1.92 6.80 24.41
Expancel TiO.3C 25 82 85 6.41 8.42 32.86
Expancel TiO.4C 25 81 84 1.99 5.40 19.57
Expancel TiO.5C 25 82 85 2.12 4.84 17.73
Expancel TiO. 10C 25 82 87 1.49 7.70 25.53

Table 4.1 Measured TGA data of uncoated, SiO. and TiO-coated Expancel from the initial temperature to onset -1, onset -1 to onset - 2, and overall
weight loss%.

4.2 Scanning Electron Microscopy

SEM images of uncoated and coated Expancel at varying temperatures (mainly at 80°C, 100°C, and 130°C) were
analysed. These temperatures were specified due to the fact that when assessing TGA data, after 80°C, a drastic decrease
in weight was observed, and approximately around 100°C, we could observe a gradual decrease in weight till 130°C, after
which the weight remained constant. Hence, to evaluate the effect of varying temperatures on Expancel, SEM analysis
was carried out.

From Figure 4.2a, it can be seen that when Expancel/was exposed to the temperature of 80°C for 60 min, there was no
physical change. At this temperature, it can be assumed that polymer powder is stable (below its glass transition
temperature) and can be handled and processed without significant deformation or damage. On the contrary, the
microsphere undergoes a physical change when it is heated up to 100°C for 60min. The gas encapsulated inside the
particle expands, forming a spherical structure, as seen in Figure 4.2b. This expansion of the gas is facilitated by softening
of the polymeric shell. As expansion occurs, the thickness of the polymer shell is decreased drastically, which allows
some of the driving gas to escape at this point already. And at a higher temperature of 130°C, the particle expands to its
maximum and ruptures causing the gas encapsulated inside the microsphere to escape, as seen in Figure 4.2c. This also
explains the constant weight in the TGA plot at 130°C.

Below are the SEM images of SiO, 10C coated particles at distinct temperatures. It is evident from the figure that the
particles are entirely coated. A substantial thickness and cracking of coating could be observed from these images.
However, it is challenging to determine the thickness. When the uncoated particles did not experience any physical
change when exposed to the heat at 80°C, it is only logical to not spot any physical changes on the coated particles as
indicated in Figure 4.2d. Unlike the uncoated particles, we could not sight a full expansion at 100°C (rupture due to
expansion as seen in Figure 4.2¢), which could possibly be due to the thick coating that limits the particles from
expanding fully. However, it may be worth noting the gaps between the cracks (as opposed to Figure 4.2d, the cracks are
completely intact), which might be an indication that the coating ruptured a bit due to the expansion of the particle.
This also explains the drop in the TGA curve at this temperature range, the cracks allowing weak spots to be exposed to
the heat directly, which eventually leads to the gas to escape which can be measured in terms of weight loss%.

Additionally, it can be observed that at higher temperatures, from 100°C to 130°C, the microsphere undergoes
expansion. This results in the particles exceeding in size through the coating, leaving some areas exposed to heat. These
exposed areas experience softening of the shell causing weak spots, which eventually leads to the rupture resulting in
the distorted coating and the particle as indicated in Figure 4.2f.

Whereas for Expancel with TiO, 10C coating in Figure 4.2g, we can witness a homogeneous coating without any
fractures and no expansion at 80°C. But contrasting to SiO, coating at 100°C, we could observe an expansion of the
microsphere leading the particles to outgrow the coating. This coating could be seen as fragmented over the surface,
which is signified in Figure 4.2h. Additionally, the bright white region can be taken into consideration to have a rough



estimate of overcoating in a few regions. And similarly to previous cases at a higher temperature of 130°C, the sphere
ruptures (shown in Figure 4.21i).
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Figure 4.2 SEM Images of Expancel at 2500x with varying temperatures

4.3 Zeta Potential

The results obtained from the zeta potential measurements were deemed inconclusive and, therefore, not discussed
in the main report. However, they are presented in Appendix D for reference. When conducting experiments using nano-
powders, the influence of gravity and buoyancy can typically be disregarded, and it can be assumed that particle
displacement is solely driven by surface interactions. Given the size of our particles, we are operating at the boundary
of this assumption's validity, and it is plausible that buoyancy is playing a role. The impact of buoyancy can pose a
significant limitation, as the size of the particles increases, the effects of buoyancy forces become more prominent,
which causes particles to settle or rise in the solution. This can result in non-reproducible data and pose challenges in
accurately interpreting the zeta potential measurements. Zeta Potential measurements would have been advantageous
in quantifying the surface charge and having an idea of the agglomerate forming, but due to the limitation, we employed
FBRM as an alternate method of measuring the agglomerate forming in real-time in situ.

4.4 Contact Angle Measurements

The primary objective of this project is to quantify the wettability of coated micro-particles which is represented in
Figure 4.4. One of the reasons to use SiO. and TiO. coating over Expancel is to improve its wettability, meaning the
contact angle should be low, which can be concluded from the data obtained from contact angle measurements.
Multiple WCA experiments were performed to quantify the contact angles, and it is evident that the samples coated with
SiO, have better wettability as compared to TiO,-coated samples, except for 5C and 10C samples.
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Figure 4.4 Contact angle measurements of uncoated, SiO. and TiO: coated particles Vs no. of cycles.

The uncoated Expancelattained an angle of 49.36°. Thus, in order for us to have better wettability, the coated samples
must denote the contact angle lower than the angle formed for the uncoated sample. Therefore, taking into account the
water contact angles formed by SiO, 1C, 2C, 3C, 4C, 5C, and 10C coated samples were lower than angles formed by
uncoated samples. A similar trend was observed for TiO, 1C, 2C, 3C, 4C, 5C, and 10C coated samples having lower
contact angles. This accomplishes our primary objective of improving wettability.

The SiO,-coated samples had approximately similar contact angles for 1C, 2C, 3C and 5C. However, for TiO,-coated
samples, except for the 1C sample, a clear trend of decreasing contact angles with increasing no. of cycles was observed.
Additionally, for the 10C sample, the contact angle formed was minute, and the software was unable to measure the
angle. Thus, the “0” value mentioned in the graph is not measured but inferred from the lack of possibility to measure.
The only concerning factor while measuring the contact angles is when pelletising the powder, iso-butane is released
from the microsphere, which is adsorbed by the coating, and its presence can influence the water contact angle (WCA).
Since iso-butane is hydrophobic, it has the potential to repel water molecules, hindering their spreading and the wetting
of the surface. Consequently, this can lead to an increase in WCA and wetting time and may cause deviations from the
actual readings when performing the experiments repeatedly.

In general, WCA and wetting time exhibit a complementary relationship where a lower WCA corresponds to shorter
wetting times and vice versa. Nevertheless, concerning the wetting time, the average wetting time for uncoated samples
was recorded as 88 sec, while the SiO, 1C coated sample exhibited a wetting time of 52.74 sec, and the TiO, 1C sample
demonstrated a wetting time of 50.72 sec. It is worth noting the significant decrease in wetting time of 35.26 sec and
37.28 sec between the uncoated and SiO, 1C samples, and the uncoated and TiO, 1C samples, respectively (as seen in
appendix E. 13). Considering SiO.-coated samples, except for the 2C sample, there was no significant difference
observed thereafter, suggesting that it’s just surface coverage which plays the role. On the other hand, wetting time
varied among the TiO,-coated samples. One possible explanation for this variation could be the presence of iso-butane
on the coating, which hinders the rapid sinking and complete wetting of the surface by water.

4.5 Focused Beam Reflectance Measurements

This characterization technique was used to analyze the real-time and in situ particle size distribution. One
characteristic of Expancelis its tendency to form agglomerates upon contact with water. This agglomeration could be
attributed to surface charges, prompting the use of FBRM to measure the size of the agglomerates or phase segregation
over a period of 60 minutes, with measurements taken every 2sec. While zeta potential measurements could have
provided valuable insights into the agglomeration or phase segregation related to surface charges, unfortunately, the
obtained data proved inconclusive.

Analysis of the data revealed relatively constant sizes for the formed agglomerates, thus, taking those values into
consideration, we obtain the below-mentioned plot of agglomerate size w.r.t varying no. of cycles of coating, as shown
in Figure 4.5. The plots incorporate 2 defined parameters, i.e. dsoand dgo. The ds is regarded as the median agglomerate



size indicating that half of the particles in the sample are larger and half are smaller than the defined value. The dg
signifies the particle diameter indicating that 90% of the particles in the sample are smaller than the corresponding
value. The particle size of Expancel typically falls within the range of 12-20um. Therefore, it is only logical that the
majority of the uncoated, SiO, and TiO; 1C, 2C, 3C, 4C, 5C, and 10C coated particles lie within this size range.

Although, determining whether the agglomerates are formed from smaller particles and increase in size or if the
agglomerates are segregated and shifted to the lower size range is challenging. This challenge stems from the limitations
of the FBRM probe, which measures the size of particles passing through a laser beam, which means that it is only
representative of the particles in that particular location, not taking the bulk into account. This reasoning is applicable
to both uncoated and coated particles. Analysing the data for uncoated particles indicates that 90% of the particles are

smaller than 70um. However, an observation can be made from the raw data of the uncoated samples that the size
initially increases, while for the coated samples, the size either decreases or remains stable from the beginning. This
strongly suggests that no segregation is occurring as if segregation were present, it would typically lead to a consistent
decrease in the measured size.

Figure 4.5 illustrates that as the number of coating layers on particles increases (for SiO, 1C, 2C, 3C, 5C and TiO, 1C,
2GC, 10C), the formation of larger agglomerates decreases relative to uncoated particles. The reduced agglomerate sizes
can be attributed to surface modifications, which bring the surface charge into action upon dissolution in an aqueous
solution. The magnitude of the surface charge depends on the pH and ion concentration of the solution, with SiO, and
TiO, particles typically exhibiting a net negative charge at neutral pH [37, 38]. Since the particles tend to have a negative
surface charge in an aqueous solution, they repel other negatively charged particles resulting in the segregation of the
agglomerates. With coating present, agglomerate sizes may be reduced, but there is no distinct trend, i.e., as the number
of coating layers increases, the agglomerate size does not decrease but rather remains nearly equivalent. In Figure 4.5b,
TiO, 3C depicts a distinctive reading, possibly because of the sample preparation error. The new batch for the sample
was not prepared due to technical issues with the ALD setup.
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Figure 4.5 FBRM measurement plots indicating the agglomerate size (um)Vs varying no of cycles.

4.6 X-Ray Photoelectron Spectroscopy

The data for this analysis was provided directly to me. The purpose of utilizing this technique was to determine the
elemental composition on the surface of the material. Figure 4.6a represents the atomic percentage of the elements
present at the surface w.r.t varying no of cycles for SiO, coating. It can be observed from the plot that we do not have the
presence of chlorine (Cl) at the surface, which indicates that when sequentially depositing the precursor over the
particle, chlorine is completely purged from the system as HCl leaving no trace over the surface.

It is important to consider that XPS has a significant penetration depth that ranges from a few nanometres to tens of
nanometres [35]. And Expancelis a mixture of acrylonitrile and methyl methacrylate, acrylonitrile is composed of nitrile
groups hence N is evident as one of the major elements. Considering the silicon (Si) element, subsequently, we are
depositing silica (SiO.) coating over the particle, it is convincing to detect roughly 20% of Si over the surface. However,



it might be interesting to note that the amount of Si remains consistent with increasing no. of cycles, which basically
means that atomic% of Si would nearly be equivalent coating, indicating we do not measure change between 1C coating
and 10C. This denotes that we deposit more than 4nm in the first cycle, meaning we measure only the coating in XPS
and increasing the thickness of the coating does not alter the detected signal. Though it can be seen in the plot that for
7C, the atomic% for Si decreases, which contradicts expectations and suggests a potential error in sample preparation.
When we take Si into account, Oxygen (O) goes concurrently due to the fact that we have SiO, as our coating, which is in
the ratio 1:2. This means that we observe the atomic% of O present at the surface by exactly 2x the amount of Sij, i.e.
approximately 40%.

In Figure 4.6b, the graph shows the atomic percentages of elements on the surface as the number of TiO, coating cycles
varies. SiO. has a lower density than TiO,, which means that the rays will penetrate more deeply into SiO, than into TiO,
for a given energy. This results in a higher probability of detecting deeper layers of SiO, with XPS compared to TiO.. Thus,
we obtain 3 — 4% of N when Expancelis coated with SiO, and for TiO, coating a minute amount of N of approximately 2
atomic% at 1C, and it approaches zero with increasing no. of layers. Additionally, the atomic% of Titanium (Ti) is
approximately 15 - 17 atomic%, which is lower when compared to the atomic % of Si; but it increases with an increase
in coating layers. Generally, the atomic weight of titanium is significantly higher than that of silicon. Due to its heavier
atomic weight, the photoelectrons emitted from Ti have lower kinetic energy and thus have a lower probability of being
detected by the analyser However, the presence of other groups (like Cl and C) can also reduce the relative detection of
Ti. As a result, a lower atomic percentage of Ti is observed in XPS compared to Si. And for Oxygen (O), when we take Ti
into account, O goes concurrently due to the fact that we have TiO, as our coating, which is in the ratio 1:2. This means
that we observe the atomic% of O present at the surface by exactly 2x the amount of Tj, i.e. approximately 30 — 34%.

In contrast to the SiO. coating, which does not contain any chlorine (Cl) groups, the TiO, coating exhibits a presence
of approximately 3-5 atomic% of Cl. This indicates an incomplete oxidising step during ALD/ CVD process. The presence
of Cl on the surface introduces polarity due to its electronegativity, which indicates its stronger attraction for electrons
and the creation of a bond based on the electronegativity difference. When water, a polar liquid, comes into contact with
a polar surface containing Cl, the partial positive and partial negative charges on both the water molecules and the
surface can interact through intermolecular forces. These intermolecular forces facilitate the attractive forces between
the liquid and the solid, leading to improved wetting. This explains for the observed trend of progressively lower WCA
for TiO,-coated samples with the increasing no. of layers, whereas SiO,-coated samples exhibit 38 + 8 WCA regardless
of the number of layers.
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Figure 4.6 XPS plot indicating the atomic concentration percentage of different elements Vs varying no. of cycles

4.7 Low Energy Ion Scattering

LEIS is an exquisitely surface-sensitive analytical technique which consists of the bombardment of low-energy noble
gas ions over the surface, and the scattered ions are detected in the analyser. In our case, the samples taken into



consideration are uncoated, SiO, 1C, 2C, and 100C. Figure 4.7a illustrates the LEIS signal (cts/nC) of scattered ions as a
function of the energy.

Typically, LEIS signal Vs Energy plots show a series of peaks corresponding to the energy levels of the different atomic
layers in the sample. From the figure below, we may infer that the intensities of Pure SiO,, SiO, 1C, 2C and 100C are
identical with the exception of the uncoated samples. Not only the surface peaks but also the overall spectrum shape is
identical to bulk SiO, powder. The trends in the peak intensities suggest the ALD deposition of SiO.. The peak, labelled
‘Si’, remains constant in intensity with the increasing number of deposition cycles, from which we may conclude that
there is a full surface coverage of the particle after 1C itself. And after a single ALD cycle, the particle's surface is
composed solely of SiO,, and additional cycles do not alter the composition of the surface.

Since our deposition process exhibits some characteristics of CVD rather than pure ALD, we observe a less conformal
coating on the particles. This means that there are variations in the thickness of the coating across the particle, as
depicted in Figure 4.7b. In contrast, if it were a "true" ALD process, we would expect to see a highly conformal coating
without such variations. The SEM image of the SiO, 1C sample, in which we can observe sputtered patches deposited
over the particle, confirms the presence of CVD behaviour. It can also be inferred that the particle is fully covered, and
the sputtered effect may be attributed to the excess deposition of SiO.. Consequently, we can estimate that the coating
after 1C is relatively thick compared to what would be achieved in a "true" ALD process. Thus, the lack of variation in
the peaks for SiO, 1C, 2C and 100C could indicate that the deposition process is not effectively modifying the
composition of the SiO, coating with increasing cycles.

And since we are coating SiO,, which is in the ratio of 1:2, the peaks for Oxygen (O) are double those of Si peaks.
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Figure 4.7 LEIS spectra for uncoated and SiO: 1C, 2C and 100C coated microparticle and SEM Image of SiO. 1C sample

4.8 Inductively Coupled Plasma

ICP is a bulk analytical technique that can provide information about the elemental composition of a sample as a
whole, including the concentration of trace elements. This analytical technique was taken into consideration to
determine the amount of silicon and titanium elements present in the coating over the particle. To accurately measure
the weight percentage of silicon, the SiO, coating needed to be dissolved in an acidic solution, and SiO, can certainly be
dissolved in the acids, which would provide us with reliable data that implies the weight% of silicon [39].

From Figure 4.8 below (note the double y-axis; the black colour axis on the left side represents Ti (wt%) and the red
colour axis on the right side represents Si (wt%) with varying cycles (x-axis)), we can roughly estimate the weight% with
varying no. of cycles. For SiO, 1C, Si present is approximately 5.2 — 5.3 wt%, for SiO, 2C, Si present is 6 wt%, for SiO, 3C,
Si present is approximately 3.7 — 3.8 wt%, for SiO, 4C, Si present is 7 wt%, for SiO, 5C, Si present is 5 wt%, for SiO, 10C, Si
present is approximately 5.8 wt%, and for SiO, 100C, Si present is 8 wt% which is understandable as for 100C, the SiO,
deposited over the particle is a lot. Considering that our deposition process exhibits CVD behaviour, the increased



weight percentage of silicon on the particles can be justified. In "true" ALD, we would expect to see a smaller amount of
weight% instead of this observed increase. This observation could be supported by the XPS results, which indicate that
the layer deposited after the first cycle exceeds the thickness of 4nm, whereas, in theory, a thickness of approximately
0.2nm is to be expected. However, based on the provided data, we cannot discern any specific trends in the weight
percentage with an increasing number of cycles.

It is important to note that the data provided for TiO, may not be as reliable. In general, TiO, is more challenging to
dissolve for ICP analysis compared to SiO,. This is because TiO, has a higher melting point and is more resistant to acid
attack than SiO,. Thus for TiO, 1C, Ti present is approximately 0.2 — 0.3 wt%, for TiO, 2C, Ti present is 0.5 wt%, for TiO,
3C, Tipresent is 0.4 wt%, for TiO, 4C, Ti present is 0.6 wt%, for TiO, 5C, Ti present is 0.75 wt%, for TiO, 10C, Ti present is
approximately 1.3 wt%, and for TiO, 100C, Ti present is 2 wt%. Unlike silicon, which showed inconsistent trends, we can
observe a general trend of increasing titanium content with an increasing number of cycles, except for the TiO, 3C-
coated samples. It is possible that this discrepancy in the TiO, 3C data could be attributed to errors during sample
preparation, although the exact reason cannot be determined.
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Figure 4.8 Plot for ICP denoting weight% of titanium and silicon w.r.t varying no. of cycles



CONCLUSION AND RECOMMENDATION

It was determined that Expancel lacks affinity with water thus, to enhance its affinity with water, hydrophilic
compounds such as SiO, and TiO. were used as coatings using atomic layer deposition. It was established that using
SiO; and TiO; as coating improved the wettability of Expancel.

TGA was used to examine the water affinity by exposing the particles to heat directly in the temperature range of 25°C
—130°C under inert conditions. In TGA, however, it is assumed that the initial weight loss is due to the elimination of
moisture from the surface based on the reasoning that the coated microparticles are directly exposed to the heat under
inert conditions, i.e. in a dry environment. Our primary focus was to measure the weight loss% from the initial stage, i.e.
25°C till 80°C (onset - 1), which denotes the weight loss% due to loss of moisture from the surface. From the analysis, it
can be established that the weight loss % ranges between 2.01 —4.56% for SiO.-coated samples, whereas the weight loss%
ranges between 1.49 — 6.41% for TiO,-coated samples. However, no specific trend in the decrease of weight percentage
with the increase in coating layers was observed for TiO, samples. On the other hand, for SiO, samples, there was an
increase in weight loss% from ~2% to ~4%, suggesting an increased affinity with water as the number of coating layers
increased. However, currently, we are unaware of any other volatile components discharging from the surface till the
Onset - 2. Thus, a recommendation for future research to strengthen our reasoning, evolved gas analysis could be
considered to analyse explicitly which components are evolved during this particular temperature range.

To study the surface morphology of coated particles at different temperatures, 80°C, 100°C, and 130°C. SEM Analysis
was performed. In general, it was observed that till 80°C, there was no expansion observed for the microparticles,
whereas, at 100°C, we could observe a full expansion of the particles. At 130°C, the particles were observed to be ruptured
due to the fact that, after full expansion, the gas encapsulated into the particle is completely escaped.

To quantify the wettability of coated particles, Water Contact Angles (WCA) were measured. A comparison was made
between uncoated, SiO, and TiO,-coated particles. The data indicated that the wettability of Expance/ was improved.
Through WCA, reduced contact angles for coated particles were observed, signifying enhanced wetting. For the wetting
time, the average wetting time for uncoated samples was recorded as 75.73 sec, while the SiO, 1C coated sample
exhibited a wetting time of 52.74 sec, and the TiO, 1C sample demonstrated a wetting time of 50.72 sec. It is worth noting
the significant decrease in wetting time of 22.99 sec and 25.01 sec between the uncoated and SiO, 1C samples, and the
uncoated and TiO, 1C samples, respectively. Considering SiO.-coated samples, except for the 2C sample, there was no
significant difference observed thereafter, suggesting that it’s just surface coverage which plays the role. On the other
hand, wetting time varied among the TiO,-coated samples. For contact angle measurements, we require to pelletise the
powder under high pressure, which resulted in the discharge of iso-butane that can be observed in the liquid phase
when pelletising the uncoated powder. However, when pelletising the coated powder, iso-butane is not been seen. This
is because iso-butane gets absorbed into the coating, which might hamper the contact angle measurements and wetting
time. This is merely a hypothesis and has not been substantiated as a proven fact. Pelletising the coated samples can
induce cracks due to the mechanical stress applied to it, and this changes surface roughness as well as revealing some
of the substrate underneath the coated surface, which is also an important parameter in determining the WCA.
Therefore, it is also recommended to quantify the surface roughness.

Zeta potential measurements were inconclusive for our case. It would have been advantageous in quantifying the
surface charge and understanding the agglomeration or segregation, but due to the large particle size, it is assumed that
the buoyancy is playing a role in causing the particles to freely move into the cuvette during the measurement, because
of this limitation, we employed FBRM as an alternate method of measuring the agglomerate forming in real-time in situ.
Considering the Expancel particle size, i.e. 12-20 um range, and the property of forming an agglomerate when it comes
in contact with water, these agglomerates may cause inconsistent data; thus it is recommended to sonicate the solution
before measuring the zeta potential.

Since the particle tends to agglomerate upon contact with water, it is essential to quantify the surface charge. To assess
this, zeta potential and FBRM measurements were used. For Zeta Potential measurements, the data obtained were
insignificant, which was due to the fact that the particles formed an agglomerate that eventually had an effect on
buoyancy, causing the particle to move in the cuvette, which disrupted our data. So, it is recommended that after
preparing the solution of coated powder and the NaOH solution, the solution needs to be sonicated in order for the



agglomerate particles to break into the primary size range, which may not interfere with the zeta potential
measurements.

From the FBRM measurements, the agglomerate size as a function of time was measured for coated particles with
varying deposition layers. The coated particles exhibited reduced agglomerate sizes when compared to the uncoated
particles. However, the TiO, 3C coated sample indicated the agglomerate size (dg~72 -73 pm), which is greater than the
uncoated samples, which is not expected and might be due to the error in the sample preparation. To assess the
consistency and observe any potential trends, it is recommended to prepare a fresh batch of TiO, 3C-coated samples to
gather a new dataset. This will enable us to verify if a consistent pattern is being followed. These coated particles possess
surface charges at the surface, which cause the agglomeration or segregation of the particles. For FBRM measurements,
we used MilliQ water (pH 7)to prepare the mixture. However, to understand the agglomeration and segregation of the
particles due to surface charges, we can correlate these surface charges data which are obtained from zeta potential. For
successful correlation, it is recommended to prepare the mixture for FBRM and zeta potential at the same pH.

Furthermore, through XPS data analysis, we were able to identify the elemental compositions present on the surface
when the particle is coated with varying numbers of layers. This analysis revealed that silicon (Si) is present in higher
concentrations compared to titanium (Ti). ICP provided us with the weight % of Si and Ti. However, it is important to
note that the weight percentage of Ti obtained from ICP analysis may not be entirely reliable. This is because ICP analysis
requires the elements to be dissolved in an acidic solution, but Ti is not readily soluble in acidic mediums, leading to
potentially inaccurate results For Si, the data implied that the amount of Si present on the surface is a lot more than the
expected theoretical value as we are not performing ‘true’ ALD, thus we have CVD behaviour in the reactor. And from
LEIS, we were able to determine that after depositing one layer of coating (1C), we achieved full surface coverage and
thick coating, indicating that the particle's surface is primarily composed of SiO,. Increasing coating cycles did not
significantly alter the composition of the surface.
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APPENDICES



USER MANUALS

A.1 Experimental Procedure
The stepwise procedures for the experiments performed are stated below.

A.1.1 Atomic Layer Deposition

1. Preparing the reactor

- Take the supplies (distributor plates, rubber seals, wind boxes) and glass column out of the oven and put them
in the fumehood

- Take 2 clamps; and a thermocouple

- Take Expanceland place it in the fumehood

- Take the sieves that are suitable according to the particle size

- Putmetal granules in the top and middle sieves

- Putapproximately 3 scoops of Expancel into the top sieve with the help of a spatula

- Cover the sieves with a plastic bag

- Place the sieve on the vibrating plate for 10 min

2. Inthe meantime, prepare the bottom and top of the reactor

- Take the distributor plate and wrap it with teflon tape

- After wrapping, fit the distributor plates into the wind box

- Attach the lower part to the reactor, use the clamp for this

- When the sieve is ready, collect the powder in a beaker

- Pour the powder into the reactor using the funnel

- Now, put the upper part on the reactor and secure it with the clamp

- Put the thermocouple in the reactor through the bottom nozzle on the side. Twist
the rubber, do not push.

- Also, put a rubber on the top spot, again turn, don't push

- Thereactor is now ready to go for ALD

3. Preparing the ALD

- Get the wrench + Allen key

- Place the reactor in the holders and tighten it slightly
- Attach the output, back pulse, and input

- Attach the thermocouple to the electric socket

- Check for the leakages

- Load your program into the PC

- Runthe program.

- Turn on the vibrating plate

A.1.2 Thermogravimetric Analysis

1. Preparing the sample

- Take out the crucible from the TGA machine

- Place it in the weighing balance

- With the help of a spatula, place the powder into the crucible until it weighs 0.5 - 0.7mg
- Place the crucible into the TGA machine

2. Defining the method

- Select the NV;condition

- Set the initial temperature at 25°C
- Set the end temperature at 130°C



- Set the staticsegment for 20min at the initial and end temperatures
- Set the dynamicsegment with a heating rate of 22C min*

3. After defining the method, start the experiment
- Enter the details in the pop-up (i.e. weight of the sample, weight of the crucible)

A.1.3 Water Contact Angle

1. Preparing sample

- The powder is pelletised using a die

- The sample holder is fitted at the bottom of the die

- The powder is placed onto the sample holder

- Another sample holder is placed at the top of the powder

- Thedie is placed into the palletizer, and close the lid

- The pressure is set to 1ton

- Hit the start button to apply the pressure for roughly 10 -15sec

- After, gently remove the pelletised sample and place it in the sample box

2. Setting up the contact angle machine

- Take a syringe and rinse it with demi water

- After washing, fill the syringe with water till ImL

- Place the syringe at the syringe holder and tighten the knob
- Place asslide at the bottom of the syringe

3. WCA

- Open the software Drop Shape Analyser

- For dosing, adjust the plunger using the arrows

- Put the setting in continuous mode and adjust the rate to 1000uL
- Hit the arrow and wait till the bar hits its max limit

- After, select the setting to volume

- Set the liquid volume to 5uZ and rate at Z00uL and press the arrow to start
- From option, select the drop type to sessile drop

4. To acquire the image

- Open FG Drop window

- Click the ‘Acquire’ icon

- Adjust the focal length and magnification of the camera

- Setilluminating strength to 12-13, brightness to 163, and contrast to 127

5. For Results
- After dosing, press the water contact icon
- In the result window, measure the contact angles

A.1.4 Scanning Electron Microscopy

1. Preparing sample

- Make sure to wear gloves when touching the sample

- Take a sample holder and carbon tape

- Put the tape on the sample holder

- Place a tiny amount of powder onto the sample holder

- Blow Nitrogen on your sample to remove loose particles

2. SEM

- Open software — Joel JSM

- The SEM machine is always on with a vacuum, so press VENTto shut down the motors
- After the motors are shut, check for the pop-up notification on the computer

- Open the machine and adjust the height of the machine with the help of z-axis to 10mm
- Place the sample in it

- Close the machine

- Press EVACin the software and push the door to seal

3. ForImaging

- Hitthe ONoption (present at the top) for the beam to start

- Start with the default setting, Signal — SE, voltage with 5kV, WD with 10mm, SS with 50
- Adjust the focus and magnification



A.1.5 Focused Beam Reflectance Measurement

1. Preparing the solution

- Weigh Z2mgof powder

- Take 200ml of MilliQwater in a beaker

- Mix the powder into the water thoroughly
- Cover the beaker with paraffin film

- Sonicatethe solution for 10 - 15min

2. FBRM

- Open the software FBRM 4.4

- Select New Experiment

- Take 200ml of MilliQ water in a beaker

- Switch on the probe

- Put the probe in the MilliQ water (after putting the probe into the water, the line that appears on the screen
indicates the particle size)

- Iftheline is red, clean the probe with ethylene/acetone, and put the probe again in the MilliQ water till the line
isindicated in green

- After, put the probe immediately into the solution (don’t let the probe hit the stirrer or the breaker), and place
it steady with the help of the clamp

- Place the beaker onto the magnetic stirrer

- Set the stirring rate to J00rpm

A.1.6 Zeta Potential

1. For sample preparation

- Prepare a 100mL stock solution with 40ug NaOH pellet in MilliQ water

- Mix the required powder (SiO; or TiO, coated samples) into the solution
- Sonicate for 10- 15mins

- Transfer the solution into the cuvette with the help of syringe

- Put the cuvette in the Zetasizer

2. For measuring the Zeta Potential

- Run the application as “Admin"

- Click on ‘New Experiments

- Define parameters (Cuvette - DTS 1070, SOP — PMMA, Refractive Index — 1.480, absorption - 0.010, dispersant
- water)



EXPERIMENTAL SETUP

The below-mentioned Figure B.1 shows the experimental setup of ALD in the lab. The key things are indicated with the
‘vellow’ arrow.

Bubblers

Glass Column

Vibrating Table

Figure B. 1 ALD experimental set-up in the lab



The below-mentioned Figure B.2 shows the fluidised bed reactor mounted on a vibrating table.

Back Pulse
Outlet Valve

Thermocouple -1

(Safety Limiter) Glass Column

Thermocouple -2 Heating Jacket
(inserted inside
the reactor)

Pressure Sensor Valve Inlet Valve

Figure B. 2 Fluidised bed reactor mounted on a vibrating table

The below-mentioned Figure B.3 shows the expansion of Expance/ in the reactor due to exothermic reaction.

Figure B. 3 Expanded Expancel due to exothermic reaction



The below-mentioned Figure B.4 shows the TGA machine present in the Spectroscopy Lab
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Figure B. 4 Thermal Analysis System TGA - 2 by Mettler-Toledo GmbH

The below-mentioned Figure B.5 shows the SEM machine present in the SEM Lab.

Figure B. 5 Scanning Electron Microscope —Joel JSM — 6010LA



The below-mentioned Figure B.6 shows the powder pelletising die for WCA, and Figure B.7 shows the experimental
setup for contact angle measurements in chemical synthesis lab.

Figure B. 6 Power Pelletising die Figure B. 7 Experimental setup for measuring WCA

The below-mentioned Figure B.8 shows the mixture of Expancel/ mixed in water for FBRM measurements, and Figure
B.9 shows the experimental setup for FBRM present in 3Me.

Figure B. 8 Power Mixed in 200mL MilliQ water Figure B. 9 Experimental setup of FBRM



CONTACT ANGLE MEASUREMENTS

The Table C.1 denotes WCA for specific samples with their standard deviations.

Samples WCA () Standard Deviation
(With Varying No. Of Cycles)

Expancel Uncoated 49.36 1.31
Expancel 5i0.1C 36.5 2.66
Expancel 5i0,2C 37.34 4.83
Expancel 5i0,3C 37.25 3.74
Expancel SiO, 4C 28.56 4.73
Expancel 5i0.5C 37.25 3.74
Expancel SiO,10C 31.8 3.14
Expancel TiO, I1C 45.24 3.43
Expancel TiO,2C 49.28 4.46
Expancel TiO,3C 43.3 3.27
Expancel TiO,4C 43.93 1.39
Expancel TiO,5C 29.13 1.31

Expancel TiO, 10C 0 0

Table C.1 Measured water contact angle (WCA) of uncoated, SiO2 and TiO2-coated Expancel




ZETA POTENTIAL DISTRIBUTION

Below mentioned are the zeta potential distributions for the uncoated, SiO2 and TiO2 1C, 2C, 3C, 4C, 5C, and 10C
coated samples.
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Zeta Potential (mV)

Zeta Potential (mV)

Figure D.6 Zeta Potential (mV) Vs total counts(kcps) for SiO. 5C sample

Figure D.5 Zeta Potential (mV) Vs total counts(kcps) for SiO. 4C sample
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Zeta Potential (mV)

Figure D.8 Zeta Potential (mV) Vs total counts(kcps) for TiO2 1C sample

Figure D.7 Zeta Potential (mV) Vs total counts(kcps) for SiO.10C sample.
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Zeta Potential (mV)

Zeta Potential (mV)

Figure D.10 Zeta Potential (mV) Vs total counts(kcps) for TiO»3C sample

Figure D.9 Zeta Potential (mV) Vs total counts(kcps) for TiO.2C sample.
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Figure D.12 Zeta Potential (mV) Vs total counts(kcps) for TiO.5C sample

Figure D.11 Zeta Potential (mV) Vs total counts(kcps) for TiO.4C sample.
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Figure D.13 Zeta Potential (mV) Vs total counts(kcps) for TiO.10C sample



WETTING TIME

The recorded wetting time plots (Wetting Time Vs No. of Attempts) are mentioned below:
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Figure E.1 Wetting Time (sec) Vs No. of Attempts of Uncoated Samples Figure E. 2 Wetting Time (sec) Vs No. of Attempts of SiO. 1C Samples
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Figure E. 3 Wetting Time (sec) Vs No. of Attempts of SiO, 2C Samples Figure E. 4 Wetting Time (sec) Vs No. of Attempts of SiO. 3C Samples
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Figure E. 7 Wetting Time (sec) Vs No. of Attempts of SiO» 10C Samples Figure E. 8 Wetting Time (sec) Vs No. of Attempts of TiO. 1C Samples
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Figure E. 11 Wetting Time (sec) Vs No. of Attempts of TiO. 4C Samples Figure E. 12 Wetting Time (sec) Vs No. of Attempts of TiO. 5C Samples
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Figure E. 13 Average wetting time Vs Different samples



