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Extended Abstract

1. Introduction

Nowadays great attention is paid on the electric generation from renewable
energy toreduce emission and to alleviate global dependence on hydrocarbons.
One of the candidates is the Proton Exchange Membrane Fuel Cell (PEMFC), a
technology that enables to produce electric energy with a high efficiency and
friendly emission throughout a redox reaction between oxygen and hydrogen. A
crucial component of a PEMFC is the ionomer membrane, which must be
designed to achieve: high proton conductivity coupled to electrical insulation,
low permeability to hydrogen and oxygen; chemical, mechanical and thermal
stability. Generally Nafion was used, but in the last year many studies are
conduced to replace this with other more efficient materials such as graphene
membranes. Graphene, composed by one or more atomic carbon monolayers
that can be arranged in different shapes, has acquired great importance thanks
to his high conductivity.

The original scope of thesis should have been to test different sulfonated
graphene oxide membranes (SGO-X) seen as future proton conductor for proton
exchange membrane fuel cells. Membranes were produced by the Department
of Chemistry, Materials and Chemical Engineering “Giulio Natta”.
Characterization of membranes comes from a wettability analysis of these by
evaluating the static contact angle on “as placed” drops, with the Axisymmetric
Drop Shape Analysis (ADSA) technique. Due to COVID-19 pandemy and the
lockdown, a “in-house setup” was developed and tested.

1.1 Wettability Analysis

When a liquid comes in contact with a solid substrate, in a surrounding gaseous
atmosphere, the possible mechanical and thermal interactions are manifold. The
wettability of the surface results from such interactions and it is a sort of
“summarizing outcome” of the close contact between the two [31]. To give a
definition, wetting is “the tendency for a liquid to spread on a solid substrate”
[32]. Young contact angle or static contact angle is the parameter that is used to
evaluate the wettability of a solid surface. It is defined as the angle formed by
the tangent to the drop profile with the tangent to the solid surface profile in a
plane where the normal vectors to both the liquid-gas and the solid-gas
interfaces are contained [39].
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For a homogeneous, flat and smooth surface, in absence of external forces a
sessile drop would have a spherical cap shape and the contact angle would be
determined only by the three interfacial energies oLv (between liquid and vapor),
ost (between solid and liquid), osv (between solid and vapor), according to the
Young equation [40]:

Osy — OsL
c0s By = ——
Ory

where ©Y is the so called Young contact angle or static contact.

When a drop of liquid is placed on a solid surface we can observe different
phenomena: the drop may spread continuously and wet the solid surface or the
drop does not wet the surface. The first case shows the behavior of a wetting
liquid or hydrophilic surface and the value of the static contact angle is 0°<6y
<90°. The second case shows a non-wetting liquid or hydrophobic surface and
the value of the contact angle is 90°<6y <180°. Surfaces with a value of contact
angle of less than 10° are called superhydrophilic, while surfaces with a value of
contact angle between 150° and 180° are called superhydrophobic, where there
is a very reduced contact between the liquid drop and the surface (also known
as “lotus effect”).

The equilibrium contact angle described by the Young equation refers to a static
state ,however, the phenomenon of wetting involves more than a static state, in
fact many metastable states are present for a droplet on a solid substrate and
contact angle can assume values within a range where the advancing contact is
the maximum value and receding contact angle is the minimum [38]. We can
measure the advancing and receding contact angles from dynamic experiments
where droplets are in movement or easily tilting the surface where the drop is
deposed. In these cases advancing contact angle Oaav is where the drop becomes
“larger”, along the parts of the contact line (where the liquid advances or is in
incipient advancement), while receding contact angle Orc is where it “becomes”
smaller (where the liquid is receding or in incipient recession).

The difference between the maximum advancing and minimum receding contact
angles is named contact angle hysteresis [39]:

H = O44y — Opec
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The contact angle hysteresis can be seen as a result of substrate surface
heterogeneity and roughness, impurities on to the surface, dilation of the
surface (generally it may take place on polymer surfaces), consequence of the
treatment of the surface by the solvent, etc [48,49,50].

Contact angle measurement on flat surface may be conducted by several
techniques, ranging from the oldest and simplest ones to the most recent and
accurate, such as ADSA that was used for these tests. ADSA is the only curve-
fitting method with a physical basis, as it analyzes the drop shape based on the
Young—Laplace equation: it finds the theoretical profile that best matches the
drop profile exacted from the image of a real drop, from which the surface
tension, contact angle, drop volume and surface area can be computed.

1.2 Scope and Structure of the Thesis

The main purpose of this work should have originally been to characterize the
wettability of different materials for fuel cells, particularly focusing the attention
on membranes made of graphene and graphene-carbon black composites.

All materials were produced by the Laboratory of Materials for Energy and
Environment (Mat4En2) group of the “Politecnico di Milano, Department of
Chemistry, Materials and Chemical Engineering “Giulio Natta” and should have
been tested by measuring static contact angles on “as placed” drops method
with the ADSA technique. All these tests and measurements had to be conducted
in the Thermo-fluid Dynamics Laboratory at the Department of Energy, but due
to the lockdown imposed by the COVID19 pandemy it was necessary to create a
new in-house setup and to validate the measurements obtained by it. The
opportunity was also got to perform an extensive sensitivity analysis on the
technique itself. This thesis is structured into four chapters presenting the details
and results of the work that was carried out. The first one is an introductive
chapter which gives general information about contact angle history and
application.

In the second chapter a sensitivity analysis of the software is described in details
together with the description of the “in-house” setup and its optimization The
third chapter describes the creation of some samples from everyday materials
to test the setup, together with their contact angle calculation and the
measurements for validation, done by re-testing fuel cell surfaces for which
previous measurements (performed in the Thermo-fluid Dynamics Laboratory)
were available. The fourth chapter concerns the characterization of the wetting
behavior of the GO membranes.
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2. Sensitivity Analysis and Validation “In-house” Setup

2.1 Sensitivity Analysis

Despite many attempts to improve the contact angle measurement, the
technique remains to a certain degree subjective and depends on the experience
and skillfulness of the operator. In this section the conducted sensitivity analysis
and validation of the measurement technique are explained, to evidence and
better understand possible causes of errors that affect the accuracy of contact
angle measurement.

Practically the measurement of contact angle is made up of different steps:

1. Acquisition and preparation of the images (e.g. cropping if needed);

2. In case a separate image of the background is acquired, image registration

and calculation of the difference from the image with the drop.

Image segmentation, extraction and smoothing of drop profile

4. Fitting of the Laplace-Young equation to the experimental boundary and
determination of the contact angle.

w

In the following sub-sections the effect of the different investigated parameters
will be described.

2.1.1 Number of iterations, smoothing, baseline value

Sensitivity analysis has been based on the evaluation of the effect of input values
for number of iterations in the fitting step, smoothing value for contour
smoothing, base line value and camera alignment, for computer-generated
images at different images resolution (square images with 250, 500, 1000, 1250
and 1500 pixel along each direction), knowing the real contact angle and the
Eotvos number of each drop. For each resolution the contact angle was
calculated for two types of images: a first type in which the contour is directly
traced and a second type when the starting point is a black-and-white image
from which the contour must be calculated to estimate also the additional error
due to this step). Each set of pictures at a given resolution includes drops with
contact angle values from 10° to 170° with a step of 10° and per each contact
angle value the Eotvos number varies from 0.2 to 5 with a step of 0.2. So per
each contact angle there are 25 value corresponding to different Eotvos number
for a total of 425 images for each resolution. For each assigned parameter value
the relative error (namely MAPE - mean absolute percentage error) was
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calculated in order to understand the importance and weight of the parameters
in the process.

The analysis was conducted by steps. First the best values of number of iteration
was determined (keeping the smoothing and the baseline values at their
reference values) throughout 100,500,1000 and 2500. Then the smoothing value
between 0.01, 0.03, 0.05 and 0.07 was varied using for each resolution the
optimum iteration value. Finally the contact angle errors caused by baseline
displacement were calculated varying the value of + 3 pixel. Given the large
amount of data (more than 9000 value for each resolution) the results were
summarized calculating the usual statistical parameters: arithmetic mean and
median as “central” values, and standard deviation as an indicator of the
dispersion of the distribution of values

What is observed is that the values are in general all very near to each other. No
significant effect of the smoothing value can be identified, and concerning the
number of iterations the only “strange” case is that at 250 resolution, for which
a small number of iterations is the best choice. For all the other resolutions, the
larger the number of iterations, the lower the MAPE, as it is reasonable; but the
improvement is extremely slight so 500 iterations can be already considered
adequate.

Rather than the other parameter for baseline value error is much more
significant as show in the Table 2.1 - baseline value strongly affects the result -
confirming the importance of trying to select the parameter as accurately as
possible. A general observation is that at high image resolutions such difference
becomes very small given that with high resolutions the relative importance of
a single pixel is reduced, in relative term with respect to the drop dimensions. In
general, both the MAPE and the standard deviation of the errors decrease with
the increase of resolution. Contact angle values become more and more near to
the real value. The resolution of the camera influence the error in the contact-
angle measurement, as the fitting procedure is more precise with higher quality
images and also accuracy of the placement of the baseline increases with
resolution.

After the analysis of the images already depicting the drop contour, attention
was focused on the images depicting full drop in black/white, from which the
contour must be extracted — thus allowing to evaluate also the influence of this
step on the errors. For B/W drop images present higher errors — as is was
expected, considering that one more step is required to compute the contact
angle value, so there is a propagation of error, more steps lead to bigger errors.
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DROP B/W PICTURE
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RESOL_1500| o\ iesiation) (8;3) (8:‘212) (8:2615) (g:ij) (g:gg) (gj;g)

Table 2.1 - MAPE of Contact Angle at different baseline value. For each cell the value is presented
completed with the corresponding standard deviation in brackets. In orange are evidenced the cases
with the minimum MAPE (“the winner”).

2.1.2 Camera Alignment

To complete the analysis of the factors affecting contact angle measurement the
alignment of the camera with the drop-sample system was evaluated.

In fact, the sample should be placed perfectly horizontal and the camera view
should be on the same plane as the sample. A tilt in the camera view can be a
source of relevant errors. If the stage is tilted some parts of the droplet will be
covered by the stage, or vice versa the drop will be seen “from the top” altering
its apparent shape, in both cases making the measurement inaccurate.

Two different sets of rendered images with contact angle values of 120° and 150°
were considered. Each set was composed by a perfectly aligned image and other
images with the camera too high or too low, with some degree misalignment.
For each image it was also evaluated effect of the selection of the baseline. For
all images the baseline was manually identified and then moved 1,2,3 px up and
down. In all cases the error increases with the inclination. When the camera is
put lower than the perfect sample alignment the contact angle decreases, that
is reasonable because the bottom part of the drop is “cut”, covered by the
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sample. On the contrary with a higher position of the camera the contact angle
value increases, because the projected, apparent cross section of the drop is
flattened. Analyzing the variation of the baseline value for each inclination, the
minimum error was obtained for the baseline value nearer to the correct
baseline value of the perfect alignment picture.

It is found a linear trend is with respect to the baseline displacement (as it is
reasonable given the minor amount of the latter), with significant effects on the
measurement, confirming the importance of the parameter. Concerning the
misalignment, the variations are not linear, and placing the camera too low
causes larger errors - so it is better to risk an upwards misalignment. In any case
this proves to be another major source of error, to which maximum attention
should be given when acquiring the experimental images.

2.2 In-house Setup

Due to the lockdown imposed to contain the spreading of the Covid-19 virus,
that also made impossible to access the Polimi laboratory, a new setup was
studied, that could be built at home, trying to recreate the same basic
fundamental characteristic of the setup (while being conscious of the limits). The
new experimental setup consists of the following elements:

e Adesk as a work bench where to conduct the experiments.

e A light source provided by a table lamp, that can be moved vertically,
with the original yellow light substituted with a multi-LED white lamp.

e A medical syringe to depose the drop and partially calibrate its volume.

e One or two soft building blocks as the support of the sample.

e A Canon Power Shot SX520 HS as the camera.

Obviously pictures provided by the homemade laboratory have a lower quality
with respect to those acquired at the Polimi laboratory where the setup is
designed “ad hoc” with the use of a professional macro lens, a tripod, specific
lighting, etc. Particularly the macro lens allows to focus at a very close distance,
which is essential for photographing drops, while the tripod helps to keep the
camera steady to better adjust the focus and to avoid vibrations. Moreover the
drop photography technique requires mastery of two fundamental concepts:
depth of field - it is essential to be able to have the whole image in focus and
exposure times - to obtain still and sharp images.
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Different picture tests showed that the best quality picture is provided with
normal camera mode with low ISO (100-200), a medium diaphragm aperture (in
the range of 7-8), relatively long exposure time ( 1/8”’) and low focus distance
(12 mm).

All the found values are compatible with the ones used in Polimi laboratory,
apart from the aperture, that using the macro lens must be much lower to have
a suitable depth of field.

It was decided not to use the telephoto mode because it provides lower quality
pictures and also because it requires long distance from the drop and, without a
tripod, pictures are considerable affected by the operator ability to stay still.
Regarding alignment, that is an important factor because a not good position of
the camera causes distortion in the contact angle measurement, camera was
arranged as near as possible to the drop on a rigid support (as an example a
book), aiming at the correct alignment with the drop base line. Obviously the
precision granted by an anti-vibrating bench with height and inclination
regulation could not be reached; nonetheless suitable alignments could be
obtained.

A crucial factor to set was light. Generally pictures are taken with a back
illumination where the drop is dark with the minimum reflection possible on a
homogeneous and bright background. To be processed drops have to be dark on
a bright background, so too much light makes the drop transparent on the
contrary too low lighting makes all dark; in both case image binarization and
extraction of the drop contour becomes impossible.

A desk lamp cannot provide a direct background illumination so as a solution a
white background was created with simply a sheet of paper towards which light
was headed in order to provide the diffuse light necessary to take a correct
picture. Successively a long campaign with different source lights and different
positions and intensities was carried out to find the best solution. Also light
reflection was an issue to be considered; in fact in some picture the top part of
the drop was too bright as a consequence of reflection and so during the
segmentation processing it was wrongly assigned to the background.

The final choice was to cover the desk lamp with a sheet of paper (to mitigate
light intensity), to point it toward the wall behind the drop, positioning in a
central position and far from the drop (in order to give mainly diffuse light to
reduce reflection).
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3. Results for the Tested Samples

In this chapter we will illustrate the results of the measurements carried out on
different surfaces using the technique and the details discussed in the previous
chapters. More specifically, the characterization of the new graphene oxide
membranes was the third of three steps, where the first two were the
measurements of the contact angle on home-made samples and on samples
already tested in previously works at the Thermo-fluid dynamics laboratory.
The first step permitted the optimization of the home-made setup and
measurement technique. The second gave the validation of the technique and
measurement thanks to the comparison of the contact angles obtained with the
now previously found. After the validation of the home-made setup the contact
angle measurements of new membranes produced at the Department of
Chemistry, Materials and Chemical Engineering “Giulio Natta” were carried out.
In order to assess repeatability, for each sample 21 drop pictures were acquired:
- 9 pictures of a first drop: the camera was positioned in a first position for the
first 3 pictures, in a second position for the second 3 pictures, and in a third
position for the last 3 pictures;

- 3 pictures of a new drop: here, the camera was positioned in the first position
for the first shot, in the second position for the second shot, and in the third
position for the last shot. This procedure was repeated 4 times.

Contact angle was evaluated as the arithmetic mean of all the single
measurements.

3.1 Home-Made Samples

A first set of samples was created with simple things that can be found in
everyday life, like nail polish (a cosmetic product for coloring, protecting and
fortifying nails) and ceramic polish (normally used to restore home parts), two
aluminum covers and a common cleaning wet wipe.

Covers were cleaned and utilized both as samples and as bases for depositing
layers of ceramic polish, normal and gel nail polish. One cover was used to test
aluminum itself and the ceramic paste, while the second for normal and gel nail
polish. The wet wipe was used as a third base on which a very thin layer of
normal nail polish was settled on his fiber texture.

After the contact angle measurements on clean samples, limescale accretion on
the same was also carried out by repeated wetting and drying with tap water for

Pagina | 12



10 days, to verify if limescale gives a hydrophobic behavior as often reported in
the literature for other surfaces.

Aluminum, ceramic and normal nail polish was tested 3 times (for a total of 63
images) while gel nail polish only one time. As shows in Table 3.1 below all the
samples present a hydrophilic behavior with a contact angle value in the range
of 70°-80°, except the wipe which shows an high hydrophobicity with a mean
contact angle value of 157°. Differences in contact angle value in the
repeatability test can in part be due to the different drop volume deposed
because it was placed with a common medical syringe unable to calibrate the
volume as precisely as it would be possible with a precision syringe.

HOME-MADE SAMPLE
SAMPLE DROP/TEST 1.1 1.2 1.3 2 3 4 5 MEAN |TOTAL MEAN
1 69.4 68.3 67.4 68.5 71.1 72.7 69.4 69.5
ALUMINUM 2 73.0 71.4 70.9 76.7 68.1 68.7 72.3 71.6 73.5
3 79.5 78.4 78.5 83.0 79.6 73.9 82.2 79.3
1 76.9 77.0 77.1 80.5 80.4 73.4 79.7 77.9
CERAMIC 2 75.1 74.3 73.4 69.8 79.1 72.4 78.0 74.6 77.1
POLISH . . . . . . . . .
3 79.0 78.8 783 78.3 80.0 80.0 78.1 78.9
1 65.3 68.0 66.2 68.0 71.9 75.4 64.0 68.4
NORMAL 72.2
NAIL POLISH 2 67.0 68.8 66.7 72.9 72.1 73.4 62.1 69.0 .
3 81.8 83.5 80.1 75.5 76.4 77.6 79.8 79.2
GEL NAIL
POLISH 1 89.6 85.0 84.1 76.1 80.0 75.3 78.8 81.3 81.3
WET WIPES 1 162.4 164.9 168.7 141.4 133.7 164.5 165.3 157.3 157.3

Table 3.1 - Contact angle values on home-made samples.

About the limestone growth, it was evidenced that there is not an increase in
contact angle values that remains practically the same so in these cases
limestone did not give a hydrophobic characterization to the samples. This was
surprising, but further studies should be performed to obtain more
substantiated conclusions.

3.2 Polimi Samples
In order to validate the home-made setup, it was necessary to test it with

samples for which the contact angle had already been calculated in the course
of the other studies. By doing so, it was possible to compare the contact angle
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values obtained by the home-made setup with the ones obtained by a
professional laboratory.

Samples were selected among those that had been investigated in previous
campaign at the Thermo-fluid dynamics laboratory and consists in:

1. aluminum sample;

brass sample;

3. three gas diffusion layers (GDL) for fuel cells, made by the Mat4En2 group
using PTFE(polytetrafluoroethylene), FEP(fluorinated ethylene propylene ),
PFA (perfluoroalkoxy).

N

Table 3.2 shows the values of the contact angles measured on the Polimi
samples, with an additional column reporting the old data. From the comparison
it can be affirmed that the results obtained using the home-made setup are
satisfactory, in particular with an excellent agreement for the GDL surfaces that
are those on which the old data had been acquired with the better accuracy.

POLIMI SAMPLE
TOTAL POLIMI
SAMPLE TEST 1.1 1.2 13 2 3 4 5 —— MEDIAN -
64.8 63.0 62.7 73.7 64.1 67.0 73.8
1 66.2 4, 7521
ALUMINUM (1.7) (1.3) (0.5) (1.0) (0.7) (0.7) (2.0) 6 64.8 5410
BRASS 1 103.4 102.0 100.9 | 101.8 99.7 100.4 161.1 100.8 100.3 80.82
(0.4) (0.7) (1.3) (2.6) (0.4) (1.0) (0.4) ) )
FEP 1 165.1 165.3 165.9 | 165.3 | 159.0 147.7 158.5 160.7 160.9 158.8
(1.4) (1.0) (3.3) (0.4) (1.5) (3.1) (1.9) ) ) i
PEA 1 163.6 170.1 168.5 | 164.6 | 166.0 167.0 159.8 1622 160.2 1615
(0.8) (1.9) (0.4) (1.6) (5.8) (0.4) (0.7) ) ) i
161.7 164.8 161.0 | 156.8 | 164.7 157.4 158.5
PTFE ! (1.8) (2.0) (1.0) (1.1) (3.0) (4.3) (1.1) 165.7 165.9 156.7

Table 3.2- Contact angle values (MAPE and standard deviation) on Polimi samples.

3.3 Tadmor Model

Aluminum, brass, normal and gel nail polish, ceramic polish and FEP membrane
were investigated to verify the presence of a Tadmor trend (meaning that the
as-placed contact angle, Bap, of a sessile drop on a horizontal surface decreases
with the increase of drop size due to the intensification of hydrostatic pressure).
On each sample about 15 drops were placed with different volume size from the
smallest one to the biggest. The volume raise was achieved adding a small
guantity of water starting from a small drop.

Drop volume was calculated making the conversion from pixel to mm3
(equivalent to microliters - that are a sort of standard unit for drop volumes) and
the height of the drop thanks to the implementation of a specific code in
MATLAB. Thus the contact angles evaluated were plotted along the y-
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coordinate, with the volume or height along the x-coordinate. Results evidences
a non-clear Tadmor trend. For FEP, brass, gel nail polish and ceramic polish we
can notice that contact angle as a function of the volume respects Tadmor trend,
even if there are some outliners. Concerning the dependence of contact angle
on drop height, instead, we can clearly affirm there is no trend, only clouds of
points.

3.3 Graphene Oxide Membranes

Table 3.3 shows the values of the contact angles measured on the graphene
oxide membranes. These manifest degradation with water so it was possibly to
acquire only 15 drop pictures to evaluate contact angles; furthermore it was not
possible to depose consecutive drops on the same point because drops after the
first are rapidly absorbed As it can be seen, all membranes show a hydrophilic
behavior with contact angle values less of 90°, except the SGO-20 that shows
hydrophobic contact angle values. With the exception of SGO-1, an increasing
trend is evident in the contact angle with the increase of sulfuric acid-to-GO
molar ratio.

GRAPHENE OXIDE MEMBRANES
SAMPLE |DROP/TEST 1.1 1.2 1.3 2 3 TOTAL MEAN
© | ' | on | os | oo | o6 | en | o8
sso1 | 1 | 0 B0 B B | e | e
6025 ¢ in | on | o | on | o8 53.5
wor | ol e s 0w
560-10 ' (81(?; (2312, (87806) (85;; (817_'0(; 87.3
€015 | 1 | gy | o9 | o9 | oo | oy | ®0
s6020 | 1 | hot | A2 %88 S O 1

Table 3.3 - Contact angle values (MAPE and standard deviation) on graphene oxide membranes.
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4. Conclusion

Concerning the sensitivity analysis of the ADSA procedure, it was showed that
the variation of the number of iterations in the fitting process and the smoothing
value for contour approximation lead to a really small variation in the contact
angle measurement. What influenced significantly the measurement is the
baseline value defined as the height at which the tracing of the drop profile is
stopped and at which the contact angle is calculated. A non-correct evaluation
of this, even in the order of +1 pixel, can bring an incorrect contact angle
valuation. Finally it was observed that with the increase of drop picture
resolution errors decrease. So it is important to acquire high resolution images
and to evaluate accurately the baseline value.

Concerning the in-house setup, it was built with everyday-use objects and tested
first of all with a series of measurements on home-made samples (both clean
and covered with limestone) and then with measurements for validation by re-
testing fuel cell surfaces for which previous measurements in the Polimi
laboratory had been done. Such tests evidenced that despite its obvious
limitations, the in-house setup was able to grant an accuracy comparable with
that of a common commercial contact angle meter.

From home-made samples we discovered that gel nail polish has an higher
contact angle respect to common nail polish, so it can better resist to water and
degradation for women happiness.

It was also surprising how limestone did not bring a hydrophobic behavior to
samples, as often reported in the literature.

Finally, sulfonated graphene oxide (SGO-X) membranes produced by the
Department of Chemistry, Materials and Chemical Engineering “Giulio Natta”
were characterized. All membranes showed a hydrophilic behavior with contact
angle values less of 90°, apart from the SGO-20 that reaches a contact angle of
110°. It was also observed an increasing trend of the angle with the increase of
sulfuric acid-to-GO molar ratios. Generally membranes show a water uptake
attitude till a molar ratio of 5.

These, also according to other evaluated properties, can therefore be attractive
candidates for future fuel cells with the possibility to work at reduced
humidification.
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Sommario Esteso

Al giorno d'oggi grande attenzione viene data alla generazione di energia
elettrica da fonti rinnovabili per ridurre le emissioni e alleviare la dipendenza
globale dai combustibili comuni. Un valido candidato & la cella a combustibile a
scambio protonico (PEMFC), una tecnologia che consente di produrre energia
elettrica con un'elevata efficienza e zero emissioni attraverso una reazione di
ossidoriduzione tra ossigeno e idrogeno. Componente cruciale di una PEMFC &
la membrana ionomerica, che deve essere progettata per ottenere: elevata
conducibilita protonica associata a isolamento elettrico, bassa permeabilita
all'idrogeno e all'ossigeno, stabilita chimica, meccanica e termica. Generalmente
viene utilizzato Nafion, ma negli ultimi anni sono stati condotti molti studi per
sostituirlo con altri materiali piu efficienti come le membrane di grafene.

Il grafene, composto da uno o piu strati di carbonio atomico che possono essere
disposti in diverse forme, ha acquisito grande importanza per la sua elevata
conducibilita. L'obiettivo principale della tesi € di testare diverse membrane di
ossido di grafene solfonato (SGO-X) viste come futuri conduttori di protoni per
celle a combustibile a scambio protonico. Le membrane sono state prodotte dal
Dipartimento di Chimica, Materiali e Ingegneria Chimica “Giulio Natta”.

La caratterizzazione delle membrane deriva da un'analisi di bagnabilita di
gueste, che consiste nella valutazione dell'angolo di contatto statico su gocce
d’acqua “gentilmente” deposte con la tecnica ADSA. In un primo momento le
misurazioni avrebbero dovuto essere condotte nel Laboratorio di Termo-
fluidodinamica bifase presso il Dipartimento di Energia, ma a causa del blocco
imposto dalla pandemia COVID19 é stato necessario creare un setup
sperimentale a casa e validare le misurazioni da esso ottenute. Per quanto
riguarda la struttura della tesi, nel primo capitolo viene fornita una breve
descrizione della storia e dell'applicazione dell'angolo di contatto. L'angolo di
contatto di Young o angolo di contatto statico & il parametro utilizzato per
valutare la bagnabilita di una superficie solida. E definito come I'angolo formato
dalla tangente al profilo della goccia con la tangente al profilo di superficie solida
in un piano in cui sono contenuti i vettori normali sia all'interfaccia liquido-gas
che a quella solido-gas. Progressivamente, nel secondo capitolo, viene descritta
I"analisi di sensitivita del software utilizzato unitamente alla descrizione del
setup “in casa” e della sua ottimizzazione. E stata eseguita un’analisi di sensitivita
sul numero di iterazioni, il valore di smooth e la linea base. Cio che si osserva &
cheivalori sono in generale tutti molto vicini tra loro. Non € possibile identificare
alcun effetto significativo del valore di smoothing, e per quanto riguarda il
numero di iterazioni l'unico caso “strano” & quello a risoluzione 250, per il quale
un piccolo numero di iterazioni € la scelta migliore. Per tutte le altre risoluzioni,
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maggiore € il numero di iterazioni, minore e il MAPE, il che e del tutto
ragionevole; ma il miglioramento & estremamente lieve, quindi 500 iterazioni
possono essere gia considerate adeguate.

Al contrario I'influenza della scelta della quota della linea di base € molto piu
significativa, il valore di base influenza fortemente il risultato - confermando
I'importanza di cercare di selezionare tale parametro nel modo piu accurato
possibile. Quando la telecamera viene posizionata al di sotto del perfetto
allineamento del campione, I'angolo di contatto diminuisce, cid € ragionevole
perché la parte inferiore della goccia & "tagliata", coperta dal campione. Al
contrario con una posizione piu alta della telecamera il valore dell'angolo di
contatto aumenta, perché la sezione trasversale proiettata e apparente della
goccia viene appiattita.

Per quanto riguarda il laboratorio “fatto in casa”, & stato costruito con oggetti di
uso quotidiano e testato prima con una serie di misurazioni su campioni fatti in
casa (sia puliti che ricoperti di calcare) e poi con misurazioni per la validazione,
fatte su superfici (specificamente gas diffusion layer fluorurati per celle a
combustibile) per le quali erano state effettuate precedenti misurazioni nel
laboratorio Polimi. Tali test hanno evidenziato che, nonostante i suoi ovvi limiti,
il setup “domestico” & in grado di garantire una accuratezza paragonabile a
guella di un comune misuratore di angolo di contatto commerciale.

La descrizione dei campioni fatti in casa e delle relative misure & descritta nel
capitolo 3 della tesi. Da tali misure si & scoperto che lo smalto gel ha un angolo
di contatto piu elevato rispetto allo smalto comune, quindi pu0 resistere meglio
all'acqua e al degrado per la felicita delle donne. E stato anche sorprendente
come il calcare non abbia portato un comportamento idrofobo ai campioni,
contrariamente a quanto spesso riportato in letteratura.

Infine, il quarto capitolo riguarda la caratterizzazione delle membrane in ossido
di grafene solfonato (SGO-X) prodotte dal Dipartimento di Chimica, Materiali e
Ingegneria Chimica “Giulio Natta”. Sono state esaminate un GO puro e sette
diversi rapporti molari acido solforico/GO allo scopo di delineare il miglior
rapporto di solfonazione che consente di ottenere un compromesso vincente tra
composizione e proprieta funzionali. Tutte le membrane hanno mostrato un
comportamento idrofilo con valori di angolo di contatto inferiori a 90 °, ad
eccezione della SGO-20 che raggiunge un angolo di contatto di 110 °. E stata
anche osservata una tendenza all'aumento dell'angolo con l'aumento dei
rapporti molari acido solforico-GO. Generalmente le membrane mostrano un
atteggiamento di assorbimento dell'acqua fino a una valore di frazione molare
pari a 5. Queste, in unione ad altre proprieta valutate, le rendono un candidato
interessante per future celle a combustibile con la possibilita di lavorare a
umidificazione ridotta.

Pagina | 18



Contents

1251¢1=> 3 Ta [=T6 AN 33 o =T PO SPON 4
Lo INErOAUCTION ..o e e e e e 4
1.1 Wettability ANalysis ....cccoeeeeeeecieieccc e 4

1.2 Scope and Structure of the ThesiS....cccceveievieeiiiiieeeeiieeeeccceee e, 6

2. Sensitivity Analysis and Validation “In-house” Setup .......ccccceeeeeiiiiccicnnnnnn. 7
2.1 SenSItiVItY ANAlYSiS...cuuuiuiiiiieiiiiieitiiieee e e e e e e eeererraaaa 7
2.1.1 Number of iterations, smoothing, baseline value...........ccc..cccovvennn... 7
2.1.2.Camera AlIZNMENT ...uuueeieiiiieeeeiceee e e e e e e eearaaaes 9

2.2 IN-NOUSE SELUD ..ceiiieiiiiiiiiiee e ettt eeeeeeeet e e e eeeeeearreeeeeeeeseesssnnen 10

3. Results for the Tested SamMPIESs........oovvvviiiiieiiiiiiiecceee e 12
3.1 Home-Made SAmMPIES ..u.ceeieeiiiieeiiiicee et e e e e 12

3.2 Polimi SAMPIES ..ot 13
3.3TadmMOr MOdEl....ciiiiiiieeeee e 14

3.4 Graphene Oxide MembBranes.......ccceeeeeeeiieeeiiiiieeeeeeeeeeveieeee e eeeeeeenaee 15

4. CONCIUSTON ..ttt e e e e e e 16
SOMMATIO ESTESO . sssssssssses 17
000 4 L= 1 PN 19
SOMIMATTIO vt —————————————————— 21
3 o =T o 24
39 Uo o0 X0 10 (o v o) o TP 26
Chapter 1 Theoretical BaCKZIround........oeeenreeeesnneeseesseesseesssessseessesssesssssseeens 31
1.1 Wettability vccsessrssessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnes 31
1.2 Surface Tension and Surface Free ENErgy ......cccveveeeeeeeeeeveeeeeeeeeeeeensenennns 32
1.3Young Contact ANGIE ... e 34
1.4 History of Contact ANgle......cooveieeiii i 35
1.5 Work of Adhesion and Capillary Action.......cccoeeovvvriiiiiiicieiieeeeen, 37
1.6 Contact Angle HySteresis.....ouuiiiceii e 38
1.7 Factors Affecting Wetting.......uvveeeii i 40

Pagina | 19



1.7.1 Substrate Surface Roughness and Heterogeneity-Wenzel and Cassie-

BaXter MOAEIS ... 40
1.7.2 LiQUId PrOoPerti®s..ccueeeieeeeiiiiiiieieeeeeeeeieeeeeeeeeeeeeeeeeeeeeeeseeeeeeeeeesssesnnnnne 43
1.7.3 GraVity cueeeeee ettt e e st e e eeeas 43
O A AN 4 g To 1 o] o =T o PPN 43
R =Y 410 o= =) U 1= 44
1.7 6 FIUXES ..ot 44
1.7.7Trace €lemMeNnts ....cocueiiiiiiiiee e 45
1.8 Measurement of Contact ANGIE ......vvueeeiiiieiiiiiiiciee e 45
1.8.1 Direct Measurement by Telescope-Goniometer ...........cccoevvvvvvennnn... 45
1.8.2 Captive Bubble Method ........cccooeeiiiiiiiiiiiiiiiiieeeeceee e 47
1.8.3 Wilhelmy Balance Method......cccccoovvveeiiiiieiiiiiiiieeiicceee e 48
1.8.4 Capillary Rise along Vertical Plate ........cccceeeeieeiiiveiiiiiiieeeeeeeeeeiin, 49
1.8.5 Capillary TUDE ...cuvvieeieeeeieeeecce e 49
1.8.6 Axisymmetric Drop Shape Analysis (ADSA).........cuvveeeeeeeeerrervrrennnnn. 50
1.9 New Challenge: Superhydrophobic Surfaces.......ccccccevvvvvvvriceeeeeeereennnnnn. 51
1.9.1 Roughening a low surface energy material ........cccoeeeeeeeeiivieennvnnnnn... 52
1.9.2 Making a rough substrate and modifying it with low surface energy
MATEIIAIS .o 54
Chapter 2 Experimental Setup and Sensitivity Analysis ... 57
128 B 4 U oo Y0 10 (ox 1 1o ) 00T 57
2.2 EXperimental SETUP ....veeeee i 58
2.2.1 Polimi Laboratory .....coooveeeiiiieee e 59
2.2.2 In-house experimental SETUP .....ccevvvviiiiiieiii e, 60
2.3 Description of the techniqUEe .......vueeiiiiiic e, 62
2.4 SeNSItiVIty ANAIYSIS....uuuueie i 65
2.4.1 Number of iterations, smoothing, base line value..........cccouuunnnenn.. 67
2.4.2 Summary of the Obtained ReSUItS........ceeeviiiiiiiiiiiiccee e, 70
2.4.3 Detailed analysis at the different resolutions.........cccceeevviviviinnnnnnn... 74
2.4.3.1 Resolution_0250......cccoiiiiiiieei e 74
2.4.3.2 Resolution_0500.........couuiiiiieeiieeeeeeiicee e 75

Pagina | 20



2.4.3.3 Resolution_0750.......cccciiiiiiiiiiii e, 76

2.4.3.4 Resolution_1000..........cceeiiiiiiiiiii e, 77
2.4.3.5Resolution_1250.......ccccciiiiiiiiiiiii 78
2.4.3.6 Resolution_1500..........ccceiiiiiiiiiiii e, 79
2.4.4 Camera AlINMENT ... ..uuuuuuiiiiiiiiii s 80
Chapter 3 Experimental results for home-made samples and fluorinated gas
AITFUSION LAY RIS ..ceeeiiiieei e e e e e e e e e ear e e eeeeeees 83
3.1 INTrOUCTION weeieiiiiiiie et 83
3.2 HOmMe-mMade SAMPIES......couuriiiieeeeeeeieeeiiiieee e e e e e e eeearrea e e e eeeeeees 84
3.2.1 Results for the home-made samples.......cccceeeeeeeeeiieeeiiiiieneeeeeeeeinnen, 86
3.3 POliMIi SAMPIES: worueiiiiiiiieeeicee e e e e e e e e e e aeeees 88
3.3.1 Results on Polimi SAmMPIES........uueeeeiiiiiiiiiiiiiceeeeeeeeeeeereeee e eeeenaaes 89
3.4 Comparison with Tadmor model .........uueeeiiiiiiiieiiiiiieeeeeeeeeeeceee e 90
3.4.1 TadmMOr EXPEriMENTS ...ceeeeeeieeeiiiiieieeeeeeeeeetiiieeeeeeeeeeeeraeeeeeeeeeeeesannes 90
B4 2 RESUIES ..eeeeeiieee et e s 91
Chapter 4 Results for the graphene oxide membranes.........eeeen: 95
4.1 Graphene OXide Membranes......ccceeiieeiiieeeiiiiiieeeeeeeeeeieee e 95
4.1.1 Materials and Methods for Membrane Manufacturing................... 96
4.2 Graphene OXide RESUILS ........cevvriiiiiiieeiiieiiiiiceeeeeeeeeeeeeee e e 97
CONCIUSIONS ceveerevseeseerseesseessseessessssesssesssesssessssssssessssssssessssesssessssesssessssasssessssesssessssesssessssessses 100
Appendix A Matlab process desCription.....eesessessssssssesnns 102
LAST Of FIGUTE vvvueeereeeeesesesseeesessssssssessssessssessssssssssessssssssssessssssssssessssssssssessssessssssssssesssanes 106
LIST Of TaDIES ocuueeerereeeseesseessessssssesesssssssssesssssssssessssssssssessssses s ssssssssssessssessssssssssesssanes 108
A0 44 L2 0ol = U =TT 110
(S (=) o Lol 1P 111

Pagina | 21



Sommario

Al giorno d'oggi grande attenzione viene data alla generazione di energia
elettrica da fonti rinnovabili per ridurre le emissioni e alleviare la dipendenza
globale dai combustibili comuni. Un valido candidato € la cella a combustibile a
scambio protonico (PEMFC), una tecnologia che consente di produrre energia
elettrica con un'elevata efficienza e zero emissioni attraverso una reazione di
ossidoriduzione tra ossigeno e idrogeno. Componente cruciale di una PEMFC &
la membrana ionomerica, che deve essere progettata per ottenere: elevata
conducibilita protonica associata a isolamento elettrico, bassa permeabilita
all'idrogeno e all'ossigeno, stabilita chimica, meccanica e termica. Generalmente
viene utilizzato Nafion, ma nell'ultimo anno sono stati condotti molti studi per
sostituirlo con altri materiali piu efficienti come le membrane di grafene.

Il grafene, composto da uno o piu strati di carbonio atomico che possono essere
disposti in diverse forme, ha acquisito grande importanza per la sua elevata
conducibilita. L'obiettivo principale della tesi € di testare diverse membrane di
ossido di grafene solfonato (SGO-X) viste come futuri conduttori di protoni per
celle a combustibile a scambio protonico. Le membrane sono state prodotte dal
Dipartimento di Chimica, Materiali e Ingegneria Chimica “Giulio Natta”.

La caratterizzazione delle membrane deriva da un'analisi di bagnabilita di
gueste, che consiste nella valutazione dell'angolo di contatto statico su gocce
d’acqua “gentilmente” deposte con la tecnica ADSA. In un primo momento le
misurazioni avrebbero dovuto essere condotte nel Laboratorio di
Termo-fluidodinamica bifase presso il Dipartimento di Energia, ma a causa del
blocco imposto dalla pandemia COVID19 e stato necessario creare un setup
sperimentale a casa e validare le misurazioni da esso ottenute. Per quanto
riguarda la struttura della tesi, nel primo capitolo viene fornita una breve
descrizione della storia e dell'applicazione dell'angolo di contatto.
Progressivamente, nel secondo capitolo, viene descritta I’analisi di sensitivita del
software utilizzato unitamente alla descrizione del setup “in casa” e della sua
ottimizzazione. Il terzo capitolo descrive la creazione di alcuni campioni da
materiali di uso quotidiano per testare il setup, insieme al calcolo del loro angolo
di contatto e alle misurazioni per la validazione, fatto ri-testando alcune
superfici per celle a combustibile (specificamente gas diffusion layer fluorurati)
per le quali misurazioni precedenti eseguite nel Laboratorio di Termo-
fluidodinamica erano disponibili. Il quarto capitolo riguarda la caratterizzazione
delle membrane GO. Sono state esaminate un GO puro e sette diversi rapporti
molari acido solforico/GO allo scopo di delineare il miglior rapporto di
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solfonazione che consente di ottenere un compromesso vincente tra
composizione e proprieta funzionali.

Parole chiave: Cella a combustibile a scambio protonico (PEMFC); Bagnabilita

delle superfici; Angolo di contatto ; ADSA ( Axymmetric drop shape analysis) ;
GDL (Gas diffusion layer) ; Membrane di ossido di grafene.
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Abstract

Nowadays great attention is paid on the electric generation from renewable
energy to reduce emission and to alleviate global dependence on hydrocarbons.
One of the candidates is the Proton Exchange Membrane Fuel Cell (PEMFC), a
technology that enables to produce electric energy with a high efficiency and
friendly emission throughout a redox reaction between oxygen and hydrogen. A
crucial component of a PEMFC is the ionomer membrane, which must be
designed to achieve: high proton conductivity coupled to electrical insulation,
low permeability to hydrogen and oxygen; chemical, mechanical and thermal
stability. Generally Nafion was used, but in the last year many studies are
conduced to replace this with other more efficient materials such as graphene
membranes. Graphene, composed by one or more atomic carbon monolayers
that can be arranged in different shapes, has acquired great importance thanks
to his high conductivity.

The original scope of thesis should have been to test different sulfonated
graphene oxide membranes (SGO-X) seen as future proton conductor for proton
exchange membrane fuel cells. Membranes were produced by the Department
of Chemistry, Materials and Chemical Engineering “Giulio Natta”.
Characterization of membranes comes from a wettability analysis of these by
evaluating the static contact angle on “as placed” drops, with the ADSA
technique. At first measurements had to be conducted in the Thermo-fluid
Dynamics Laboratory at the Department of Energy, but due to the lockdown
imposed by the COVID19 pandemy it was necessary to create a new in-house
setup and to validate the measurements obtained by it.

The thesis structure is as follows: a brief description of contact angle history and
application is made in the first chapter. Progressively, in the second chapter, a
sensitivity analysis of the used software is described together with the
description of the “in-house” setup and its optimization. The third chapter
describes the creation of some samples from everyday materials to test the
setup, together with their contact angle calculation and the measurements for
validation, done by re-testing some fuel cell surfaces (namely fluorurated gas
diffusion layers) for which previous measurements (performed in the Thermo-
fluid Dynamics Laboratory) were available. The fourth chapter concerns the
characterization of the wetting behavior of the GO membranes.

A pure GO and seven different sulfuric acid-to-GO molar ratios membranes were
examined with aim to delineate the best sulfonation ratio that enables to
achieve a successful trade-off between composition and functional properties.
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Key words: Proton Exchange Membrane Fuel Cell (PEMFC) ; Wettability ; Contact
angle; ADSA (Axisymmetric drop shape analysis); GDL (gas diffusion layer) ;
Graphene oxide membranes.
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Introduction

Nowadays the global energy production is dominated by fossil fuels, which are
an exhaustible energy sources. The increasing energy demand and the need to
reduce environment pollution have led to greater interest in renewable energy
sources and highly efficient energy conversion devices. Beside the common
removable sources such as photovoltaic, wind and hydro systems there are the
so called fuel cells which are electrochemical generators that convert chemical
energy into electricity in a clean and efficient way, through the direct
electrochemical oxidation of a fuel (usually hydrogen) and reduction of
atmospheric oxygen. The crucial advantages given by fuel cells are no or reduced
pollutant emissions because there isn’t any combustion and air or oxygen is used
as oxidant and no noise because moving mechanical parts are not present. Fuel
cells are commercially available as stationary systems (e.g. the Japanese micro-
combined heat and power system; Ene-Farm), or as portable systems (e.g.
auxiliary power units or consumer electronics) [1].

Even if it is often considered a very recent technology, fuel cells started to be
studied after the Second World War. The creator was Sir William Robert Grove,
who discovered a current flow between the platinum electrodes with an
extremity immersed into a solution of sulphuric acid while the others into
hydrogen and oxygen [2]. Both containers were full of water and he discovered
a decrease of water level in tubes during current flow. Improvements came with
Francis Thomas Bacon, in 1939, who conducted his experiments with alkaline
electrolytes, focusing his attention on potassium hydroxide. Bacon used porous
electrodes, modifying electrode’s morphology, which lead to a better gas
diffusion and the increase of interaction areas between electrodes, electrolyte
and the fuel.

The first application of fuel cells technology was in 1960, when were used in the
USA space program of NASA (Gemini and Apollo missions) thanks to
improvements made by General Electric Industry.

The most diffuse commercial type of fuel cells are the PEM fuel cells, i.e. Proton
Exchange Membrane Fuel Cells. The central part of a PEM fuel cell is the
membrane electrode assembly (MEA), which is made of a proton exchange
membrane and two catalyst layers (i.e. anode and cathode). MEA is typically
placed between bipolar plates (BP) which act as collectors. Between the BP and
the MEA a gas diffusion layer (GDL) is introduced in order to manage water, in
fact, an excess of water at the cathode side can have as consequence the
flooding of the electrode and a decrease in cell performance because water
hinders the transport of reactants.
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GDLs must be hydrophobic to avoid flooding. They consist in a porous carbon
paper or carbon cloth, wet-proofed with PTFE (Teflon) and coated with a thin
microporous layer (MPL) consisting of a mixture of carbon powder and PTFE
thanks to a dipping or spraying technique with heat treatment at 350 °C.

A crucial component of a PEMFC is the ionomer membrane, for which generally
Nafion is used. It is a perfluorinated ionomer membrane, consisting of
fluorinated carbon backbone chains with perfluoroside chains ending in sulfonic
acid groups.

Nafion is the most used membrane for PEMFCs because, in typical operating
conditions, it manifests high proton conductivity (>0.1 S cm™), good mechanical
properties, effectiveness in gas separation. On the other hand, Nafion is also
expensive and limits PEMFC operation to relatively low temperature (~80°C),
due to the dependency on hydration for high proton conductivity. However the
changing water content also leads to membrane shrinkage and swelling, which
brings to degradation of the electrolyte electrocatalyst interface [3]. Finally,
membrane degradation is caused by hydrogen peroxide radicals, inhibiting the
use of non-precious catalysts in Nafion-based PEMFCs [4].

At higher operation temperatures Nafion reduces its mechanical stability due to
its low glass transition temperature (~110°C) [5,6]. Fuel flow shows opposite
trend, in fact, it increases with decreasing membrane thickness and increasing
operation temperature, leading to lower efficiency and decreased fuel cell
performance [7,8]. To reduce the cost and improve the performance of PEMFCs,
new membrane materials are studied. An optimum material for use in PEMFCs
as e.g. a catalyst support, or as a non-precious catalyst [9,10] is graphene. It
acquired strong attention from researchers for its unique and special properties
which cannot be replaced by other carbon based nanomaterials.

Graphene is a 2D structured allotrope of carbon. It differs from 3D structure of
graphite, which is a crystal single-layer composed of sp? carbon atoms with
hexagonal honey comb shaped carbon ring disposition [11,12]. It has three
important qualities: firstly it presents a very strong electrical conductivity with a
value of 106S cm™ [13], strong electrical mobility of 200 000 cm? Vs at a carrier
density of ~102cm [14]; secondly, it has a high specific area of 2630 m2g™ [15],
a Young's module value of 1 TPa with a breaking strength of 42 N m™[16], and
excellent thermal conductivity (*~5000 W mK?) [17]; thirdly, graphene can
absorb light with board wavelength (~2.3% opacity) which makes it transparent
and appropiate for optoelectric applications [18].

Finally, another extremely important property it possesses is a special reactivity
towards different materials. All these qualities make graphene an interesting
material for different fields of applications like electrical, electronic,
optoelectric, mechanical, environmental, and chemical engineering researches.
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Due toits highly attractive properties explained above, various kinds of graphene
based products were synthesized.

An attractive variation of graphene is graphene oxide (GO) [19,20,21]; an
electronically insulating equivalent of the highly electrically conductive graphene
[22]. GO is made up of aromatic areas containing unoxidized benzene rings and,
regions with aliphatic six-membered rings influencing the extent of oxidation. Its
basal plane is structured to contain mainly hydroxyl and epoxy oxygen groups,
whilst the edges incorporate mainly hydroxyl and carboxyl groups [23,24]. GO
membranes have been noted to be totally resistant to many liquids, vapors and
gases, whilst permitting unimpeded permeation of water, thus indicating an
affinity for hydration [25], whilst minimizing fuel crossover in PEMFCs.

Some studies were conducted in composite PEMFC membranes with known
proton conductors such as Nafion, sulfonated poly ether ether ketone (SPEEK),
polybenzimidazol (PBI), and poly vinyl alcohol (PVA). For example Kumar et al.
showed improved PEMFC performance at 100°C for a 4 wt% GO/Nafion
composite, compared to pure Nafion [26].

Jiang et al. discovered that the incorporation of sodium dodecylbenzene
sulfonate-adsorbed GO in SPEEK leads to the increase of the ion-exchange
capability, water uptake and proton conductivity, whilst reducing methanol
permeability [27].

Also Xu et al. calculated for a PBI/ sulfonated GO composite membrane a
maximum cell power density of 600 mW cm2at 175°C [28].

Tateishi et al. tested a fuel cell with a pure GO paper membrane, achieving a
maximum power density of ¥13 mW cm at room temperature [29]. Scott and
Ravikumar achieved a MEA power density of 113 mW cm™ at 40°C testing a
freestanding sulfonated GO paper membrane [30]. Such studies in the literature
show the potential for GO to be used in fuel cells, however not many studies
have investigated non-composite GO membranes at higher temperature where
electrode kinetics and ionic transport are faster [9].

The main purpose of this work should have originally been to characterize the
wettability of different materials for fuel cells, particularly focusing the attention
on membranes made of graphene and graphene-carbon black composites.

All materials were produced by the Laboratory of Materials for Energy and
Environment (Mat4En2) group of the “Politecnico di Milano, Department of
Chemistry, Materials and Chemical Engineering “Giulio Natta” and should have
been tested by measuring static contact angles on “as placed” drops method
with the ADSA technique.

All these tests and measurements had to be conducted in the Thermo-fluid
Dynamics Laboratory at the Department of Energy, but due to the lockdown
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imposed by the COVID19 pandemy it was necessary to create a new in-house
setup and to validate the measurements obtained by it. The opportunity was
also get to perform an extensive sensitivity analysis on the technique itself.

This thesis is structured into four chapters presenting the details and results of
the work that was carried out. The first one is an introductive chapter which
gives general information about contact angle history and application.

In the second chapter a sensitivity analysis of the software is described in details
together with the description of the “in-home” setup and its optimization The
third chapter describes the creation of some samples from everyday materials
to test the setup, together with their contact angle calculation and the
measurements for validation, done by re-testing fuel cell surfaces for which
previous measurements (performed in the Thermo-fluid Dynamics Laboratory)
were available. The fourth chapter concerns the characterization of the wetting
behavior of the GO membranes.
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Chapter 1

Theoretical Background

1.1 Wettability

When a liquid comes in contact with a solid substrate, in a surrounding gaseous
atmosphere, the possible mechanical and thermal interactions are manifold. The
wettability of the surface results from such interactions and it is a sort of
“summarizing outcome” of the close contact between the two [31]. To give a
definition, wetting is “the tendency for a liquid to spread on a solid substrate”
[32] and is characterized by two important parameters [33,34]:

e Degree/extent of wetting
e Rate of wetting

The degree of wetting is commonly indicated by the contact angle formed at the
interface between solid and liquid and it is mainly dependent on the surface and
interfacial energies involved at the solid/liquid interface; while the rate of
wetting indicates how fast the liquid wets the surface and spreads over the same
and it is led by a number of factors such as the thermal conditions of the system,
capillary forces, viscosity of the liquid, the chemical reactions occurring at the
interface, etc. [35].

We can classify wetting in different ways: if we focus on the substrate we talk
about reactive/no reactive wetting ,instead, if we focus on how the process is
initiated and driven we talk about spontaneous/forced spreading [36]. We talk
of non-reactive/inert wetting when there is no reaction between the spreading
liquid on a solid substrate. A non-reactive wetting is that of polymeric liquids in
contact with glass or metallic substrate; generally the contact on inert solids of
most of non-metallic liquids is non-reactive type. On the other hand, we talk of
reactive wetting when wettability is influenced by reactions that occur during
the contact between the spreading liquid and the solid substrate, where there is
alteration of the interface and formation of new (e.g. intermetallic) compounds.
Two examples of reactive wetting are that of liquid metal on ceramic substrate
and of spreading of solder on copper substrate.

Spontaneous spreading happens when a liquid drop spreads on the solid
substrate without any external forces; forced spreading otherwise. An example
of the first case is the spreading of solder paste during reflow soldering, while
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the spreading of water drop after impacting from a finite distance is forced
spreading since this is lead from the substantial kinetic energy acquired by the
drop during its fall [35].

The wetting theory involves inter-atomic and intermolecular forces acting across
a surface. These forces can be primary like ionic, covalent and metallic co-
ordination bonds or secondary forces like van der Waals and hydrogen bonds
and electrostatic forces. In a continuum model, when a system is heterogeneous
(composed of different phases) the phases are divided by interfaces. In these
“thin” regions there is concentration of impurities, electric currents etc. and they
are described as having excess properties. One is the excess energy, that is
usually expressed as energy per unit area [J/m?] called “interface energy”- or
force per unit length [N/m] called “interface tension”.

When the interface is between a liquid or solid phase and a gaseous one, the
latter are also named “surface energy” or “surface tension”.

1.2 Surface Tension and Surface Free Energy

Surface energy is usually denoted by o (or y) and has the dimensions of energy
per unit area, that is, in the SI system, J/m? . Thermodynamically, the concepts
of surface free energy and surface tension are originally different [37]. Surface
tension [N/m] stands for force needed to “stretch” an interface, or the
energy/work (per unit area, [J/m2]) required to create new interface area.
Surface free energy focuses on the breakage of intermolecular bonds that occurs
when a surface is created. However, when temperature and pressure are
supposed constant, the two concepts are equivalent to each other.

Surface tension is probably the easier concept to visualize, as it can be seen as if
caused by the attraction between the molecules of the liquid by various
intermolecular forces. In the bulk of the liquid each molecule is pulled equally in
all directions by neighboring liquid molecules, resulting in a zero net force. At
the surface of the liquid, the molecules are pulled inwards by other molecules
deeper inside the liquid and are not attracted as intensely by the molecules in
the neighboring medium (e.g., vacuum, air or another gas or liquid). Therefore
the molecules at the surface are subject to an inward force of molecular
attraction which can be balanced only by the resistance of the liquid to
compression [38], resulting in an increase in the internal pressure. This inward
pull tends to diminish the surface area, and in this respect a liquid surface
resembles a stretched elastic membrane. Thus the liquid squeezes itself together
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until it has the locally lowest surface area. As an elastic membrane, an interface
cannot resist to normal forces, but resist to tangential forces. This means that if
an interface is curved, a pressure difference exists between the two sides of the
interface. The equation that relates the pressure difference to the shape of the
surface is the equation Young—Laplace equation:

1 1 (1)
Pconvex part — Pconcave part — oK = ()'(R—I + R—”

where K is the curvature and R, and R are the two principal curvature radii of
the surface.

Therefore, as already said the surface tension produces an additional pressure
inside the liquid. As an example, for a sphere AP =2 o / R, or, so if we cross the
curved interface moving along an inward direction, the pressure increases by
20/R.

As the sphere is the solid having the lower external surface given the volume, in
absence of other forces capillary interfaces, e.g. those of bubbles and drops,
have a spherical shape.

In real conditions we than have to consider the presence of gravity so drops may
lose their spherical shape under the influence of gravity. There exists a particular
length, denoted A, beyond which gravity becomes important. It is referred to as
the capillary length :

o (2)
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1.3 Young Contact Angle

Contact angle is the angle formed by the tangent to the drop profile with the
tangent to the solid surface profile in a plane where the normal vectors to both
the liquid-gas and the solid-gas interfaces are contained [39].

For a homogeneous, flat and smooth surface, in absence of external forces a
sessile drop would have a spherical cap shape and the contact angle would be
determined only by the three interfacial energies oLv (between liquid and vapor),
ost (between solid and liquid), osv (between solid and vapor), according to the
Young equation [40]:

Osy — OsL (3)
cos By = ——
Oy

where Oy is the so called Young contact angle or static contact angle and it is the
parameter that is used to evaluate the wettability of a solid surface (Figure 1.1).

Oy static contact angle

GsL

Figure 1.1 - Young contact angle or static contact angle. Picture taken from [41].

As show Figure 1.2 when a drop of liquid is placed on a solid surface we can
observe different phenomena: the drop may spread continuously and wet the
solid surface or the drop does not wet the surface. The first case shows the
behavior of a wetting liquid or hydrophilic surface and the value of the static
contact angle is 0°<0y £90°. The second case shows a non-wetting liquid or
hydrophobic surface and the value of the contact angle is 90°<6v<180°. Surfaces
with a value of contact angle of less than 10° are called superhydrophilic, while
surfaces with a value of contact angle between 150° and 180° are called
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superhydrophobic, where there is a very reduced contact between the liquid
drop and the surface (also known as “lotus effect”).

The term hydrophobic/philic was originally related only to water, nowadays it is
often used to describe the contact with any liquid. The term
“oleophobic/philic” is also used for oil and organic liquids. The term
“amphiphobic/philic” is generally used to indicate surfaces that are both
hydrophobic/philic and oleophobic/philic. Polar molecules leads surface to have
a high energy and as a result to be hydrophilic, whereas non-polar molecules
leads to have low energy and on the contrary to be hydrophobic [42].

Oy is theoretically the most rigorous contact angle but it is not common used
experimentally [43,44] principally for contact angle value more than 10° [45]
and in many cases it is not reached in itself, e.g., the drop is flattened by gravity
and for rough surfaces the Wenzel or Cassie-Baxter wetting states are
established.

(a)

Figure 1.2 - Examples of contact angles formed by sessile liquid drops on an horizontal homogeneous
solid surface: (a) hydrophilic surface/wetting drop with a 6 <9(F (b) threshold situation with & =90°
(c) hydrophobic surface/non-wetting drop with 6 >90° (in this last case the surface is not smooth).
Picture taken from [41].

1.4 History of Contact Angle

Many researches in the past quested to explain the interaction between the two
phases mainly a liquid and a solid surface, trying to understand acting forces by
giving definitions with the help of mathematical modelling. Already in classical
literature allusion to capillary phenomena appeared through the observation of
insect behavior such as T. M. Plautus with “tippula”, an insect with the ability to
run over water without sinking , or C. Aelianus with “ippouros”, an unknow
Macedonian fly able to stay on the surface of water [46].

However, it was through the observation of thin solid body floating on water
surface that what nowadays is known as surface tension came from. To explain
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this phenomena different theories was developed such as Aristotle’s “theory of
buoyancy” or Archimedes’ “principle of hydrostatics” still Leonardo da Vinci in
the Middle Ages, who introduced a detailed idea of the surface of things: “Tutti
i termini delle cose non sono parte alcuna d’esse cose... Essi termini niente
occupano”. He understood the presence of a force that he called “tenacita”
(tenacity) thanks to which he wanted to explain why a drop remained spherical
and this lead the first qualitative idea of surface tension. During the years
another interpretation of capillarity came thanks to Hauskbee who saw this in
term of attractive force inside the fluid. He was followed by Jurin who in 1719
noticed that the rise or fall of a liquid inside a thin tube is inversely proportional
to the diameter of the tube, and gave an equation known as Jurin law. However
the studies and intuitions showed above did not bring a quantitative model for
capillarity and also concepts such as surface tension or contact angle were not
truly understand and explained.

A quantitative explanation of capillarity was given by Clairaut who described the
capillary rise or fall of a liquid in a tube based on the existence of short-range
forces that act on an arbitrary particle of the liquid due to the interaction with
the liquid itself and the glass tube. He linked these forces only to geometrical
parameters such as vertical distance from the free liquid surface, but he didn’t
describe the formation of the meniscus, neither the meniscus curvature and the
forces used to explain capillary rise were not connected with the concept of
“surface tension”, and he didn’t understand the existence of contact angle. So
no proper theory was still developed for capillarity and surface tension till
Segner, a Hungarian physicist and mathematician, who resumed the Da Vinci’s
“tenacitas” applying a primitive idea of a “surface tension” and ascribed it to
forces of attraction. He approached the problem of the shape of a sessile liquid
drop on a horizontal surface and on page 325 of his paper dated 1751 affirmed
that, without gravity, the liquid drop would take the equilibrium shape of a
sphere, but gravity flattens the constrained drop. Segner gave a useful, explicit
mathematical formulation of the equilibrium conditions for the sessile drop, but
his “tenacita” still did not fit accurately the modern concept of surface tension.
The first correct description of surface tension was due to Monge ,a French
mathematicianin his paper published in 1787. From the observation of two small
bodies floating on the water surface (including when both bodies are wetted by
the liquid, both unwetted or one wetted and one not)he explained the attractive
or repulsive forces that operated in the system. He concluded that forces acting
near the liquid surface and the mutual adhesion of the liquid molecules were the
cause of interactions. He stated that such forces are strongly only at the liquid
surface and act tangentially to it, with the same value in all tangential directions.
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Monge understood very deeply the concept of surface tension, but he didn’t
provide a formalization of capillary equilibrium and also he did not recognize the
fundamental role of the contact angle [46].

Thomas Young with his famous works on cohesion and adhesion of fluids
published in 1805 was the first who stated and described the existence of
contact angle between a liquid and solid. When he analyzed the adhesion of a
liquid to a solid he considered the relationship between the contact angle and
the surface tension for a solid in equilibrium with liquid and vapor, at the
solid-liquid interface. He described, in words, the relation between the cosine
of the contact angle and the forces that interfacial tensions exert on a liquid
droplet deposited onto a solid surface, a relationship that is now known as the
Young equation [40].

1.5 Work of Adhesion and Capillary Action

As we explained in the previous sections, molecules in the liquid state are
involved in strong intermolecular attractive forces and a primary understanding
of the contact angle requires the knowledge of their balance . When such forces
are between like molecules as inside the drop itself, they are referred to as
cohesive forces, while when the attractive forces are between unlike molecules
as those in the liquid and in the solid, they are said to be adhesive forces and are
responsible of capillary action.

The work of adhesion can be seen as the work that must be performed per unit
area of the interface to separate the two phases [35].
Dupré defined the work of adhesion between solid and liquid as follow [47]:

Ws, = osy + 0Ly — 05y, (3)
That combining with Young equation leads to the Young—Dupré equation:
WSL = GLV(]' + Cosey) (4)

This means that knowing the values of droplet surface tension and contact angle
we are able to calculate directly the work of adhesion under the assumptions of
spreading of non-reactive liquid on an ideal (physically and chemically inert,
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smooth, homogeneous and rigid) solid. It shows the intensity of the bounds
between the phases: lower is the contact angle better is the adhesion. Equation
4 gives also the condition for perfect wetting (6=0°) as Wa>2ay, [35].

When ©=0° the surface free energy balance is given by S, spreading coefficient,
because of Young equation halt in this condition. S is linked to the surface
energies as follow:

S = oggy — (g5, t0Ly) (5)

When $>0 the liquid spreads completely whereas S<0 the liquid drop does not
spread completely.

The capillary rise is the result of cohesion of water molecules and adhesion of
those molecules to a solid material. When a narrow tube is brought in contact
with a wetting liquid, some of the liquid rises inside the tube because capillary
pressure jump induces a disequilibrium that is balanced by the rise and
consequent increase in the gravitational pressure contribution. The height h of
a liquid column is given by Jurin law:

_ 2y cosO (6)
 Apgr

where h is the height of the capillary rise with respect to the reference level, g is
the gravity acceleration (9.8 m/s?), p is the density of the liquid, r is the radius of
the tube, o is the surface tension, 6 is the contact angle of the liquid on the tube
surface.

1.6 Contact Angle Hysteresis

The equilibrium contact angle described by the Young equation refers to a static
state ,however, the phenomenon of wetting involves more than a static state, in
fact many metastable states are present for a droplet on a solid substrate and
contact angle can assume values within a range where the advancing contact is
the maximum value and receding contact angle is the minimum [38].

We can measure the advancing and receding contact angles from dynamic
experiments where droplets are in movement or easily tilting the surface where
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the drop is deposed. In these cases advancing contact angle Baa is where the
drop becomes “larger”, along the parts of the contact line (where the liquid
advances or is in incipient advancement), while receding contact angle Orec is
where it “becomes” smaller (where the liquid is receding or in incipient
recession) as show in Figure 1.3. The difference between the maximum
advancing and minimum receding contact angles is named contact angle
hysteresis [39].

H = B44p — Orec (8)

The contact angle hysteresis can be seen as a result of substrate surface
heterogeneity and roughness, impurities on to the surface, dilation of the
surface (generally it may take place on polymer surfaces), consequence of the
treatment of the surface by the solvent, etc [48,49,50]. Generally for the same
substance, the cleaner is the surface, the smaller is the contact angle
hysteresis[35].

Figure 1.3 - Illustration of the advancing and receding contact angles. Picture taken from [41].

Contact angle hysteresis can be affected by the barrier effect, that increases it
with growing roughness, and the capillary attraction/depression [50]. Due to the
barrier effect it is observed that growing roughness of the surface may lead to
anincrease of the advancing contact angle (B.a) while the receding contact angle
(Brec) decreases of the same amount. Hence, a contact angle 8. that stands for
pure barrier effect equilibrium contact angle can be calculated by the following
relation: 8e=0.5(0.0+6rc). Due to capillary effects caused by the grooves present
on the surface we can observe an increase in both advancing and receding
contact angles with growing roughness for 8.<90° (wettability improves) and an
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opposite effect is observed if 8:>90° (wettability will be worsened on a rough
surface rather than on a smooth one) [35].

Many studies on the advanced and receiving contact angles were performed to
find what are the factors affecting hysteresis. Gaydos and Newman
demonstrated that also texturing of a solid modifies the contact angle hysteresis
[51] through an experiment where they evaluated the minimum patch size
necessary to cause contact angle hysteresis based on the alteration of surface
energy and reported a large value of about 1 um [52].

Krasovitski and Marmur [53] pointed out that 6aand Brin a tilted surface are
different from a flat surface and they are functions of the tilt angle. On the other
hand, different studies (e.g., [54,55,56,57]) showed that for a drop on horizontal
surface Baand Br are functions of the drop size [45].

Tadmor and Yadav offered a partial solution by obtaining a unique value of 6a
which is independent of drop size with their experiment in which “Muscovite
mica” was used as a substrate. They built a model for a drop that is placed gently
on a surface. The model describes the deviation of 6ar (“as-placed” drop) from
Ba due to the hydrostatic pressure that the finite size drop exerts on the three
phase contact line; it is thus possible predict 6a from measurement on drops of
different sizes. The model is restricted to non-volatile drops with no vapor
available for condensation [45].

1.7 Factors Affecting Wetting

As already said, wetting is a complex phenomenon that can be affected by a large
number of factors. In non-reactive wetting some factors are in a non-exhaustive
list the chemical nature spreading liquid and of the substrate, heterogeneity and
roughness of the surface, intrinsic physical properties of the spreading liquid or
external factor such as atmospheric conditions, while for reactive wetting some
addition factors are flux usage, trace impurity addition, etc [45].

The important factors that affect wetting are briefly discussed in the next
sub-sections.

1.7.1 Substrate Surface Roughness and Heterogeneity-Wenzel and
Cassie-Baxter Models

Young equation cannot explain the behavior of real surfaces, which exhibit
roughness. A rough surface , in fact, provides an additional interfacial area for
the spreading liquid and the true contact angle would be different than the
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nominal contact angle. On surfaces with a morphology/texture/roughness the
wetting state may be described by two models:

e the Wenzel model
e the Cassie-Baxter model

Wenzel proposed the following equation to describe the equilibrium contact
angle for a liquid on a rough surface when the liquid completely penetrates the
cavities of the superficial structure (‘homogeneous wetting’ regime)[35]:

cos ®W = r cos 6" (9)

where r is the roughness parameter and it is defined as the ratio of the true
surface area and it’s nominal area (r = At/An) [46], 8" is the equilibrium contact
angle, BY is the apparent contact angle on the rough surface (Wenzel angle).
The apparent contact angle is the angle between the apparent solid surface
and the tangent to the liquid-fluid interface. For two-dimensional or
axisymmetric systems, there exists a unique correspondence between this
definition and experimentally measured contact angles. However, for three-
dimensional systems with no special symmetry, the apparent contact angle
may vary from point to point [58].

An increase of r in Wenzel model brings an improvement in hydrophobicity for
hydrophobic surface (6 > 90°) and an improvement in hydrophilicity for a
hydrophilic surface (6 < 90) [59,60] ,so surface roughness can be used to
enhance the behavior of the corresponding smooth surface.

Figure 1.4 - Representation of the Wenzel and Cassie-Baxter models for drops on rough surfaces. (a)
Wenzel model: the drop penetrates completely the surface cavities so that the wetted area is greater
than that projected; (b) Cassie-Baxter model: the drop remains only touching the top ends of the
surface, so that the wetted area is less than the apparent one.

Picture taken from [41].
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Wenzel equation serves as a good approximation only when the roughness state
is sufficiently small relative to the drop size.

Roughness has a different role and effect in non-reactive and reactive systems.
In the first case it can be observed an alteration of interfacial area and the value
of surface free energy associated with interface changing. In the second case,
additional effects can be observed, in fact, asperities and grooves can be favored
sites for reaction, diffusion, adsorption, nucleation, etc [35].

The Cassie equation for a chemically heterogeneous (two component) surfaces
is:
cos 6¢ = ficosO] + f,cos0% (10)

where 6Y and ©Y are Young’s contact angles respectively of the two
components of heterogeneous surface; f generally is the fractional area of a
component of the solid surface ( f1 + f> = 1) but with the last interpretation of
this model f can be interpreted as the fraction of the three-phase contact line
that crosses heterogeneous patches. Again, the Cassie equation serves as a good
approximation only when the heterogeneity size is sufficiently small relative to
the drop size [46].

The Cassie—Baxter equation is then used to predict contact angle when the liquid
is unable to fill the gap between surface protrusions and consequently air is
trapped below the droplet. In this case the equation becomes:

cos 6B = ficosBY — f, (11)

where fiand f: are the total areas of the solid-liquid interface and liquid—air
interface, respectively, per unit area under the drop. To take into account
roughness the Cassie—Baxter equation can be further modified as follow:

c0sOB = 1 fscos®— (1— f,) (12)

where fsis the fraction of the liquid base in contact with the solid surface ( fs< 1);
(1 = fs) is the fraction of the liquid base in contact with air pockets; riis the
roughness ratio of the wetted solid and it changes in relation with the amount
of liquid that penetrates the surface structure; typically it is different from the
Wenzel roughness factor r. Both Cassie and Cassie—Baxter equations are
approximate equations for the equilibrium condition of the drop. With the
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increase of the drop dimension the approximation becomes better as compared
with the largest wavelength of the surface heterogeneity [46].

1.7.2 Liquid Properties

Spreading of a liquid drop over a solid substrate is affected by viscosity, surface
tension and density. We know that wettability of a surface for a liquid can be
improved by reducing the liquid surface tension, for this scope surfactants are
generally used. It is well known that viscosity will resist any spreading activity by
the liquid. Viscosity has an important role in wettability, it is reasonable to expect
that a droplet of an higher viscosity liquid spreads little compared to that of
lower viscosity, this is because, higher viscous dissipation reduces the rate of
spread.

1.7.3 Gravity

The effect of gravity is generally not taken into account in wetting studies since
the liquid drops involved in the experiments are small enough to affect the drop
shape. It is accepted that if the drop radius is less than the already cited capillary
length, the gravity force does not affect the spreading process [35].

1.7.4 Atmosphere

As wettability is a function of the triplet solid, liquid, surrounding gaseous
atmosphere, the latter obviously influences both reactive and non-reactive
wetting and has a prominent role in the spreading of metallic liquids like solders.
It was observed that with the reduction in residual oxygen level in the
atmosphere spreading starts at lower temperatures. In reactive system oxided
surface causes a deterioration in wettability so the use of flux is necessary and
inert atmosphere is helpful in improving efficiency/function of fluxes [61,62].
Nitrogen is a good element to remove oxygen, because it is an inert and
chemically non-reactive element with most of the metals. This acts as a
protection of the metal surfaces from oxidation during heat-up and proper flux
action. An improvement in wetting is also observed in N2 atmosphere with
respect to especially for soldering [63].Good wetting or solderability is generally
attributed to low surface tension of the spreading liquid.
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1.7.5 Temperature

Temperature is a factor affecting wetting both non-reactive and reactive
systems. Properties of liquid as well as substrate like viscosity, surface tension,
oxidation behavior, reaction rate are affected by temperature. An increase of
wettability in non-reactive system can be obtained by an increase in
temperature thanks to the decrease in viscosity and surface tension of the liquid
[64]or, in reactive systems, with the increase of the diffusion rate, resulting in
severe oxidation in most of metals.

1.7.6 Fluxes

Fluxes are used in reactive wetting to overcome the barrier effects of oxide film
[65] and have two major functions [66] [67] [68]: their chemical function is to
provide a tarnish-free surface and to keep the surface clean, while the physical
function is to remove the reaction products from the surfaces to allow the solder
to come into direct contact with the base metal surfaces.

Fluxes can be classified into two categories: inorganic and organic. The first
category includes inorganic acids, salts and gases that has corrosive action, for
this reason cleaning is necessary after their use. Those in the second category
are milder than inorganic ones and include rosin base or resin base fluxes and
generally contain small quantity of activators. There is good agreement in the
literature about that fluxes improve the wetting force by increasing the
solid/vapor interfacial energy or by lowering the solid/liquid interfacial energy,
in fact many experiments were made by different researchers such as Takao,
Lopez or Plas [35].

Therefore, oxide layers present on the surface alter the interfacial properties and
cause inferior wetting ( that is why fluxes are used to remove the oxides and
other contaminants from the surface). Temperature also affects fluxes that
being generally composed of organic solvents or halides are active at
temperatures about 10-20° below the melting/liquidus temperatures of solders.
The increase in the temperature beyond their activation temperature may cause
evaporation of the flux and this might be the reason for poorer wettability
reported by some researchers at higher temperatures.

Pagina | 44



1.7.7 Trace elements

Trace elements are used to improved wettability in reactive system. It has been
observed that wettability is increased by the branzing and soldering with binary
and ternary lead free soldering which helps increase mechanical properties too.
Improvements in wettability can be seen compared to the original substrate
when mixtures with alloy metals and other chemical species mixture are sprayed
over [69].

Chen et al. examined the action on wettability of addition of gallium
on Sn—Zn—Ag and Sn—Zn—Ag-Al lead-free solder alloys [70]. As a result of their
experiment they observed a significant reduction in wetting time and increase in
wetting force.

To reduce the contact angle, rare earth elements (“RE”) increases the effective
grain size and reduce the surface tension, so that the substrate and the solder
show a reduced contact angle. On the contrary, an higher proportion will
increase viscosity and cause a reduction in wettability because of oxidation of RE
over solder. One experiment was conduct by Wang et al. discovering the effect
of Zn addition to lead-free Sn—0.7Cu solder alloy on wetting behavior of the alloy
with Cu substrate [71]. The Zn was added in the range of 0-1 wt% . They
measured an increase in contact angle values from 42° at 0% Zn to 50° at 1%
addition of Zn so the addition leads to a decrease of wettability [35].

1.8 Measurement of Contact Angle

Given the importance of the quantity, many techniques have been developed to
measure the contact angle. Most of such techniques can be classified into two
main groups: the direct optical method and the indirect force method. The next
sections will be devoted to brief descriptions of the most used techniques, from
the conventional telescope-goniometer method to, the Wilhelmy balance
method and to the developed drop shape analysis.

1.8.1 Direct Measurement by Telescope-Goniometer

For flat surfaces, the wetting property was initially determined by direct
measurement of contact angle by viewing the drop profile. Bigelow et al.
demonstrated that a telescope goniometer was capable to view the liquid drop
profile placed over the smooth surface making it possible to measure the angle
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formed due to the three interfacial tensions [72]. Using bubbles, an image of the
adhering bubble can be projected onto a screen and the outlines traced, there
after the angle is measured. Most importantly, a photographic image can be
captured for better understanding as proposed by Leja and Poling in 1960.

The first commercial telescope goniometer was manufactured by Rame-Hart
instrument company and designed by Zisman. It is one of the most widely used
techniques for contact angle measurement, where a horizontal telescope is used
to directly measure the tangent angle of the liquid droplet on the solid surface.
The equipment is made up of a horizontal stage for holding the substrate, a
micrometer pipette to form a liquid drop, an illumination source and a telescope
equipped with a protractor eyepiece. The measurement is achieved by simply
aligning the tangent of the sessile drop profile at the contact point with the
surface and reading the protractor through the eyepiece[38]. During the years,
to improve the accuracy and precision of measurement some equipment
modifications have been made such as the integration of a camera to take
photographs of the drop profile, high magnifications for a detailed examination
of the intersection profile [73],a motor-driven syringe to add or remove amount
of liquid to study advancing, receding, or dynamic contact angles [74].

The points of strength and of weakness of this technique are:

e PROS: simplicity of operation; request of small amounts of liquid (a few
microliters) and small surface substrates (a few square millimeters).

e CONS: presence of impurities due to the small size of the liquid and
substrate; error in the measurement because relies on the accuracy and
consistency of the operator in determining the tangent line; no accuracy
for low contact angle (below 20°) due to the flatness of droplet that
make difficult the assignment of the tangent line; imaging device only
focuses on the largest meridian section of the sessile drop, which means
the profile image reflects only the contact angle at the point in which the
meridian plane intersects the three-phase line; problems due to the
dependence of contact angle on the drop [75,76] ; variation in contact
angle measurement due to surface heterogeneity or roughness.

It is demonstrated that the accuracy that can be obtain with the direct
measurement of sessile drop contact angles is approximately £2° [77,78].
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McDougall and Ockrent [79] was able to calculate both advancing and receding
contact by tilting the solid surface till the drop moves. This method is recognized
as “tilted plate” method where the contact angle at the lowest and highest point
in an incipient moving drop are respectively assigned as advancing and receding
contact angles. Thanks to this method Extrand and Kumagai [80,81] was capable
to evaluate contact angle hysteresis (difference between advancing and
receding contact angle) of liquid on different polymer surfaces such as silicon
wafers and elastomeric surfaces.

Zisman and his co-workers [82] were the first who replace the micrometer
pipette with a fine platinum wire to create sessile drops. In their experiments a
cleaned and heated wire ( 8 cm long and 0.05-0.10 mm in diameter) was put into
the liquid and fixed to produce a pendant drop. This at first hanged from the tip
of the wire and after was slowly brought in contact with the solid sample in order
to form a sessile drop. Their studies was based on the evaluation of the kinetic
energy acquired from the drop when flew off the wire and about its deformation
when it leaves the wire which can lead to metastable angles.

Another instrument used to evaluate a drop profile photograph was the
“tangentometer”. Used by Phillips and Riddiford [83], as well as Mclntyre [84]
consisted in a mirror set at the drop baseline. The mirror at the drop tip was put
normal to the photograph, and it is rotate still a continuous curve is obtained by
the drop shape with its reflection image in the mirror.

In this method the tangent line is the straight edge and protractor attached to
the mirror indicated the contact angle. This method still suffer low accuracy.

1.8.2 Captive Bubble Method

The technique was introduced by Taggart et al. [85] and consist in the injection
of a small amount of air (about 0.05 ml) into the liquid of interest to form an air
bubble below the solid sample. This is a direct measurement of contact angle
and is characterized by:

e PROS: solid surface in contact with a saturated atmosphere; minimum
contamination of the solid-vapor interface (less than in the sessile drop
method); easy control of the temperature of the liquid; possibility to
study the temperature-dependence of contact angles.
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e CONS: more amount of liquid required than in the sessile drop method,;
swelling of the solid sample after immersion into the liquid; dissolution
of the solid film by the liquid.

1.8.3 Wilhelmy Balance Method

To improve the methods for contact angle analysis, another simple technique
was introduced in 1863: the Wilhelmy plate method [86].

It is an indirect method, often used to determine the wetting properties of
biomaterials. When a thin, smooth, vertical plate is brought in contact with a
testing liquid, the change in its weight is detected by a balance. The forces acting
on the plate are a combination of buoyancy and the force of wetting (the force
of gravity remains the same). The total force F exerted on the plate is given by:

F=y,pcos©O—VApg (13)

where V is the volume of the displaced liquid, Ap is the difference in density
between the liquid and air, g is the acceleration of gravity. So the value of contact
angle can be easily calculated knowing the liquid surface tension and the solid
perimeter.

Advancing or receding contact angle can be measured respectively pushed into
or pulled out the solid sample from the liquid.

e PROS: high accuracy because the measure of contact angle is reduced to
the measurements of weight and length; the measured force at any given
depth of immersion is already an averaged value; more accurate contact
angle value that reflects the property of the entire sample; useful for
studying dynamic contact angles and contact angle hysteresis at different
wetting speeds.

e CONS: solid sample must have uniform cross section and regular
geometry; difficulties in measurement of the perimeter and the wetted
length of samples; sample must have the same composition and
topography at all sides, which can be difficult to obtain especially to
investigate films or anisotropic systems; large amount of liquid, which
might cause the solid sample to swell and/or absorb vapor
unintentionally.
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1.8.4 Capillary Rise along Vertical Plate

When a liquid comes in contact with a vertical plate, it will rise due to the
capillary effect and the height at which it reaches can easily be calculated by the
Laplace equation [87]:

Ap g h? (14)

sin9=1-—
2y

where Ap is the difference in density between liquid and vapor, g is the
acceleration of gravity, and pwis the liquid surface tension. Thus the contact
angle measurement has been brought down to a measurement of a capillary
rise, with the theoretical requirement of being “infinitely” wide can be satisfied
by plates that are about 2 cm in width. Dynamic contact angles are achieved by
moving the plate up or down.

e PRO: particularly suitable for measuring the temperature-dependence of
contact angles [88].

e CONS: surface tension of the liquid must be known; uncertainty in the
valuation of surface tension in case of solutions that comprise surface
active materials; adsorption of the surface active agents so that different
interfaces can change the surface tension and alter the contact angle
measurement.

With this method the accuracy that can be reached for a specially, good
prepared surface that forms a practically straight meniscus line, is £ 0.1°.

1.8.5 Capillary Tube

The Wilhelmy balance method can also be used to measure the contact angle by
means of a capillary tube when both the inside and outside surfaces of the latter
are made of the same substance. The sum of the inner and outer perimeters
should be designed as the perimeter p of tube. For a vertical capillary with a
sufficiently narrow circular cross section, the meniscus might be considered as
spherical, and the capillary rise is given by:

_ 2y cosO (15)
- Apgr

Pagina | 49



where r is the capillary radius, g is the gravity acceleration, and Ap is the
difference in density between the liquid and vapor. From the experimental
measurement of h and r the contact angle can be calculated. Equation 15 is
known as the Jurin rule, named after James Jurin, who studied this phenomenon
in 1718.

1.8.6 Axisymmetric Drop Shape Analysis (ADSA)

ADSA methods are based on the numerical fit between the shape of
experimental drops and the mathematical model given by the classical Laplace
equation of capillarity. Under the assumption that the experimental drop is
Laplacian and axisymmetric, and the only external force is gravity, in the
numerical scheme, some Laplacian curves with known surface tension are fitted
to the experimental profile. The correct value of liquid-fluid interfacial tension is
identified by the best fit. In ADSA, an image processing algorithm (including edge
detection and optical correction) provides the coordinates of the experimental
profile. The experimental profile and physical properties such as density
difference are inputs to the following numerical scheme.

ADSA-P (perimeter) is the first generation of the axisymmetric drop shape
analysis profile method developed by Rotenberg et al. [89]. According to this
method an objective function is defined as the sum of the squares of the normal
distances between experimental profile points and corresponding theoretical
profile points, and its minimization is the match. The numerical integration of
the theoretical drop profile is usually done in the peculiar coordinate system arc
length —turning angle (Fig. 1.5), that makes it very simple. ADSA-P was improved
by Cheng et al. [90] implementing a computer-based edge detection operator
(Sobel [91]) in order to automate the extraction of the drop interface profiles.
To improve the accuracy an optical distortion correction technique was also
introduced. The method failed in analyzing large and flat sessile drop, for which
in fact no accurate results are achieved due to the flatness of the apex of the
drop. ADSA-P was extended by Rio and Neumann [92] who integrated a more
efficient algorithm.
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To analyze non-ideal surfaces and very low contact angle (less than 20°) another
branch of the ADSA method was created —the axisymmetric drop shape analysis
diameter (ADSA-D) [93,94]. ADSA-D is based on the analysis of a top view image
of the drop and on the measure of the contact diameter. By measuring different
contact angle with these two methods it was proven that the values obtained
are closely the same, varying no more than +0.4°, with ADSA-D that gives a
higher precision for low contact angles.

Figure 1.5 - Coordinate system used in the numerical integration of the Laplace equation for axisymmetric
liquid-fluid interfaces. S is the path length from top (arc length from the drop apex), @is the angle from
the vertical axis.

1.9 New Challenge: Superhydrophobic Surfaces

As already said, superhydrophobicity is the tendency of a surface to very strongly
repel water drops. A surface is classified as superhydrophobic if it exhibits a high
apparent contact angle (>150°), low contact angle hysteresis (<10°), low sliding
angle (<5°) and high stability of Cassie state. In the 1990s, biologists and
materials scientists started to study natural superhydrophobic surfaces and
particular interest was pointed on leaves of water-repellent plants such as
Nelumbo nucifera (Lotus). Their hierarchical structures, responsible for
superhydrophobicity, were studied by Burton and Bhushan [95] and Bhushan
and Jung [96]. The SEM study reveals that the Lotus leaf surface is very rough
and covered by papillose epidermal cells , which are in their turn covered by an
additional layer of epicuticular waxes [97]. The wax is present in crystalline
tubules, composed of a mixture of long-chain aliphatic compounds, principally
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nonacosanol and nonacosanediols. The water droplets on these surfaces readily
sit on the apex of the nanostructures because air bubbles fill in the valleys of the
structure under the droplet, so the surface exhibits considerable
superhydrophobicity with a value of static contact angle and contact angle
hysteresis respectively of 164° and 3° respectively [98,99] .The water droplets
on the leaves remove any contaminant particles from their surfaces when they
roll off, leading to self-cleaning [100].

The interest in self-cleaning surfaces is driven by the desire to fabricate such
surfaces for satellite dishes, solar energy panels, photovoltaics, exterior
architectural glass and green houses, and heat transfer surfaces in air
conditioning equipment. Also in biomedical applications the non-wettable
character has been claimed in ranging from blood vessel replacement to wound
management. Fabrication of superhydrophobic surfaces has been an area of
active research since the mid-1990s. Techniques to make superhydrophobic
surfaces can be simply divided into two categories: first, it is possible to make a
rough surface from an initially hydrophobic material and, second, to modify a
rough hydrophilic surface by modifying surface chemistry or applying a
hydrophobic material upon it.

1.9.1 Roughening a low surface energy material

1. Fluorocarbons

Fluorinated polymers has low surface energies so roughening these polymers in
certain ways directly leads to superhydrophobicity [101,102,103].

Zhang et al. [65] in their work presented how to achieve superhydrophobic film
in a clear and efficient way by stretching a poly(tetrafluoroethylene) (Teflon®)
film. Superhydrophobicity is assumed to be due to the void spaces presents
through the fibrous crystals that the film is composed.

Shiu et al. [66] treated a Teflon® film with oxygen plasma and obtained a rough
surface with a WCA of 168°. Many fluorinated materials have low solubility, for
this reason they can not be directly used but they are generally linked [104]or
blended [105] with other materials (which are often easy to roughen) to achieve
superhydrophobic surfaces.

2. Silicones

Polydimethylsiloxane (PDMS) is another material with low surface energy,
intrinsic deformability and hydrophobic property, for that it can be quickly
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turned into superhydrophobic surfaces using various methods thanks of its
[106,107,108].

For example, Khorasani et al. [106] treated PDMS using a COz-pulsed laser as an
excitation source. Another way to exploit the low surface energy of PDMS is to
use a block copolymer such as poly(styrene-b-dimethylsiloxane) (PS-PDMS). For
instance, Ma et al. [109] made a superhydrophobic membrane in the form of a
nonwoven fiber mat by electrospinning a PS-PDMS block copolymer blended
with PS homopolymer.

3. Organic and inorganic materials

It was observed that nature achieves non-wetting and self-cleaning properties
using paraffinic hydrocarbons so several groups studied and created
superhydrophobic surfaces made from organic materials.

For example, a cheap and simple method to produce a highly porous
superhydrophobic surface of polyethylene (PE) was suggested by Lu et al. [110]
by controlling its crystallization process. An improvement of non-wettability
(CA up to 173°) was also obtained by adding nonsolvent (cyclohexanone) to the
PE/xylene solution to form nanostructured floral-like crystal structures. Jiang et
al. [111] obtained a superhydrophobic film made of porous microparticles and
nanofibers by using electrostatic spinning and spraying a PS solution in
dimethylformamide (DMF). In the last few years other organic materials were
turned into superhydrophobic surfaces such as polyamide [112], polycarbonate
[113] and alkylketene dimer [114].

Yan et al. [115] synthesized a poly(alkylpyrrole) film by electrochemical
polymerization the needle-like poly(alkylpyrrole) structures grown
perpendicularly to the surface of the electrode yielded an environmentally
stable superhydrophobicity.

Also from some inorganic materials superhydrophobic surfaces have been
produced for example, from ZnO [116,117] and TiO: synthesized through two-
step solution method.
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1.9.2 Making a rough substrate and modifying it with low surface
energy materials

1. Lithography

Lithography (e.g. photolithography, electron beam lithography, X-ray
lithography, soft lithography, nanosphere lithography and so on) is a useful and
common technique that alloys the creation of a large area periodic micro-
/nanopattern [118,119]. The effects of the pore size and shape on wetting was
studied by Abdelsalam et al. [120] by conducting systematic observation and
study of the wetting of structured gold surfaces combined by electrodeposition
through a template of submicrometer spheres.

Fabrication of ordered arrays of nanopits and nanopillars by using electron beam
lithography and plasma etching was made by Martines et al. [121]. They
obtained a superhydrophobic surface made of tall pillars with cusped tops with
CA of 164° and hysteresis of 1° after a hydrophobization with
octadecyltricholorosilane.

2. Sol—gel processing

Sol—gel processes permits to fabricate superhydrophobic surfaces from a variety
of materials [116,122,123,124,125].The sol—gel process causes the decrease of
the surface energy of materials and so no post-process hydrophobization is
required for the achievement of superhydrophobicity. For example, for organo-
triethoxysilanes which exhibited binary switching between superhydrophobicity
and superhydrophilicity when exposed to different temperatures, Shirtcliffe et
al.[124] used a porous sol-gel foams. Hikita et al. [126] created a sol—gel film
with super liquid repellency by hydrolysis and condensation of alkoxysilane
compounds using colloidal silica particles and fluoroalkylsilane as the starting
materials. Instead of blending low surface energy materials in the sol.-gels,
Shang et al. [127] described a procedure to make transparent superhydrophobic
surface by modifying silica based gel films with a fluorinated silane.

3. Layer-by-layer (LBL) and colloidal assembly

To create a pH-sensitive PHH/PAA multilayer which formed a honeycomb-like
structure on the surface after an appropriate combination of acidic treatment,
LBL techniques is used by Zhai et al. [128]. Once the structure is cross-linked,
silica nanoparticles are deposited on the surface via alternating dipping of the
substrates into an aqueous solution of the negatively charged nanoparticles and
an aqueous PAH solution, followed by a final dipping into the nanoparticle
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suspension. Once the surface is modified by the chemical vapour deposition of
(tridecafluoro-1,1,2,2- tetrahydrooctyl)-1-trichlorosilane superhydrophobicity is
obtained follow by a 2 h thermal annealing. LBL self-assembly could also be
combined to prepare superhydrophobic surfaces with electrochemical
deposition as shown by Zhang et al. [129,130,131]. Correct surface roughness
for superhydrophobicity is demonstrated by assembly from colloidal systems
[132,133,134].

4. Electrochemical reaction and deposition

Another method used to create superhydrophobic surfaces is electrochemical
reaction and deposition. A validation of the technique came from Zhang et al.
[131] who evidenced that a surface with dendritic gold clusters layer, which was
formed by electrochemical deposition onto an indium tin oxide (ITO) electrode
modified with a polyelectrolyte multilayer, showed superhydrophobic
properties after deposition of a n-dodecanethiol monolayer.

Shirtcliffe et al. [135] arranged a resembled “chocolate chip cookies”, a double-
roughened copper surface, by electrodeposition and patterning technique.
Further hydrophobization with fluorocarbons yielded superhydrophobicity with
CA of 160°. Recently Cho’s group [136] presented a lotus leaf-like
superhydrophobic metal surface created by using electrochemical reaction of Cu
or Cu-Sn alloy coated on steel sheets with sulfur gas, and followed by
perfluorosilane treatment.
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Chapter 2

Experimental Setup and Sensitivity Analysis

2.1 Introduction

As already said, the aim of this work is three-fold: first of all, the contact angle
measurement procedure will be analyzed to assess its accuracy; then the home-
made setup will be tested; finally it will be used to measure the contact angle for
water in air on various surfaces and particularly on those of interest for fuel cells.
This chapter will describe the first two aspects.

Starting from the analysis of the measurement technique, it mainly consist in a
sensitivity analysis conducted over a series of artificial, computer-generated,
drop images. The result of the first analysis is the optimization of the used
software parameters. The process is based on the calculation of the relative
error that affects measurements when processing images at different resolution.
The “best” parameters are obviously the ones giving lower error and leading to
the best drop fitting.

The second part of the chapter describe the creation of the “home-made”
laboratory (due to the closure of Polimi Laboratories for the Covid-19 global
emergency period), also evidencing the problems of a direct drop measurement
and the difficulties to create a valid experimental setup in order to achieve a
suitable drop image to process. This is even more true when considering that the
setup was built with domestic objects and also the samples were created with
simple things that can be found in the daily life, like nail polish and ceramic polish
normally used to restore home parts.

To make the description of the sensitivity analysis more clear and easier to
follow, the experimental setup and measurement procedure will be described
first.
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2.2 EXxperimental Setup

Experiments involve the study of the shape of sessile drops (drops sitting on a
surface after a gentle deposition) on various surfaces, in order to measure the
contact angle and characterize their surface properties.

Drop-surface pictures are analyzed using dedicated software, which effectively
employs image processing and numerical techniques to fit the theoretical
expression of the Laplace-Young equation to the experimental shape of the
drop, from which the contact angle can be extracted. A home-made system is
built to place the drops on the surface and for the subsequent image capture,
made possible using a reflex camera.

The contact angle measurement requires pictures in back-illumination, with
precise characteristics, that can be taken following four simple rules:

1. The background have to be homogeneous and well discernible from the

drop.

2. The surface have to be flat and perfectly still during the deposition of the
sessile drop (and also during drop removal if a picture of the background
is also taken).

3. If a second image is used to help in background subtraction, the two
images (with and without the drop) must be perfectly aligned.

4. Each image must contain only one drop.

So having a suitable setup is fundamental to provide high quality pictures.
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2.2.1 Polimi Laboratory

Different studies on wettability were conducted at the Energy Department,
Politecnico di Milano, such as the influence of temperature on wettability, tests
involving materials for HVAC system and studies involving the effect of different
hydrophobic agents onto the surface of gas diffusion layers and microporous
layers for PEM-FC.

For such campaigns, the experimental tests were conducted using the setup
available at the Multiphase Thermo- Fluid Dynamics Laboratory. The
measurement of static contact angles or the dynamic advancing angles, as well
as the measurement of surface tension is carried out with the video supported
contact angle measurement setup. The system (Figure2.1) is composed by an
anti-vibrating optical bench (Newport, SA Series, 1.2 0.80 m) with a carrying
structure in aluminum alloy. A high precision metering pump (Cole-Parmer
Instrument Company, model AD74900) completed by suitable syringes
(Hamilton) is used to generate microliter drops of controlled volume. Moreover
there is a “surface analyzer” (SM Sistemi di Misura s.r.l., model RT80) to
characterized the surface under investigation in terms both of profile and of
roughness. A 800 W lamp equipped with a diffuser provides the lighting
necessary to the photographic acquisitions, which are taken using a SLR digital
camera Nikon D90 with a AFS 60 mm F2.8 Macro lens. Side shots of the deposed
drop are acquired and transferred to a personal computer. Ad hoc software,
developed, within the MATLAB programming environment [137], is used to
implement the procedures

Figure 1.1 - Experimental setup at the Multiphase Thermo- Fluid Dynamics Laboratory. (Picture taken
from C. Santoro et al. CARBON 67 (2014 ) 128-139).
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2.2.2 In-house experimental setup

Due to the lockdown imposed to contain the spreading of the Covid-19 virus,
that also made impossible to access the Polimi laboratory, a new setup was
studied, that could be built at home, trying to recreate the same basic
fundamental characteristic of the setup (while being conscious of the limits). The
new experimental setup (Figure2.2) consists of the following elements:

e Adesk as a work bench where to conduct the experiments.

e A light source provided by a table lamp, that can be moved vertically,
with the original yellow light substituted with a multi-LED white lamp.

e A medical syringe to depose the drop and partially calibrate its volume.

e One or two soft building blocks as the support of the sample.

e A Canon Power Shot SX520 HS as the camera.

Figure 2.2 - In-house experimental setup.

Obviously pictures provided by the homemade laboratory have a lower quality
with respect to those acquired at the Polimi laboratory where the setup is
designed “ad hoc” with the use of a professional macro lens, a tripod, specific
lighting, etc. Particularly the macro lens allows to focus at a very close distance,
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which is essential for photographing drops, while the tripod helps to keep the
camera steady to better adjust the focus and to avoid vibrations.

Moreover the drop photography technique requires mastery of two
fundamental concepts: depth of field - It is essential to be able to have the whole
image in focus and exposure times - to obtain still and sharp images.

So the camera was first of all put in manual focus mode. Different examinations
were conducted in order to understand the best camera parameter to set, best
position of light and correct camera alignment to reduce the noise and
disturbances.

Comparison was performed between pictures obtained placing the camera near
the drop in two different mode, normal and macro, and far from the drop using
all the camera zoom extension. For each position it was also varied the 1SO
(Sensor Sensitivity), time of exposition and diaphragm aperture in order to set
the best values.

Different picture tests showed that the best quality picture is provided with
normal camera mode with low ISO (100-200), a medium diaphragm aperture (in
the range of 7-8), relatively long exposure time ( 1/8’) and low focus distance
(12 mm).

All the found values are compatible with the ones used in Polimi laboratory ,
apart from the aperture, that using the macro lens must be much lower to have
a suitable depth of field.

It was decided not to use the telephoto mode because it provides lower quality
pictures and also because it requires long distance from the drop and, without a
tripod, pictures are considerable affected by the operator ability to stay still.
Regarding alignment, that is an important factor because a not good position of
the camera causes distortion in the contact angle measurement, camera was
arranged as near as possible to the drop on a rigid support (as an example a
book), aiming at the correct alignment with the drop base line. Obviously the
precision granted by an anti-vibrating bench with height and inclination
regulation could not be reached; nonetheless suitable alignments could be
obtained.

A crucial factor to set was light. Generally pictures are taken with a back
illumination where the drop is dark with the minimum reflection possible on a
homogeneous and bright background. To be processed drops have to be dark on
a bright background, so too much light makes the drop transparent on the
contrary too low lighting makes all dark; in both case image binarization and
extraction of the drop contour becomes impossible.

A desk lamp cannot provide a direct background illumination so as a solution a
white background was created with simply a sheet of paper towards which light
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was headed in order to provide the diffuse light necessary to take a correct
picture. Successively a long campaign with different source lights and different
positions and intensities was carried out to find the best solution. Also light
reflection was an issue to be considered; in fact in some picture the top part of
the drop was too bright as a consequence of reflection and so during the
segmentation processing it was wrongly assigned to the background.

The final choice was to cover the desk lamp with a sheet of paper (to mitigate
light intensity), to point it toward the wall behind the drop, positioning in a
central position and far from the drop (in order to give mainly diffuse light to
reduce reflection).

2.3 Description of the technique

Contact angle is calculated on “as placed drops”, i.e. gently deposed drops on a
static surface with no vibration or other disturbances. As explained in the
previous chapter, contact angle measurement on flat surface may be conducted
by several techniques, ranging from the oldest and simplest ones to the most
recent and accurate, such as ADSA that was used for these tests. ADSA is the
only curve-fitting method with a physical basis, as it analyzes the drop shape
based on the Young—Laplace equation: it finds the theoretical profile that best
matches the drop profile exacted from the image of a real drop, from which the
surface tension, contact angle, drop volume and surface area can be computed.
The strategy employed is to fit the shape of an experimental drop to a theoretical
drop profile according to the Young-Laplace equation of capillarity, using the
Eotvos number (Eo) or surface / interfacial tension plus apex curvature as the
adjustable parameters. For the best fit the contact angle can be determined. So
ADSA is based on the fitting of theoretical equation to an experimental contour.
In its dimensionless version based on the Eo number —the one used in this work
- the only input is a side photograph of the drop surface system.

Practically the measurement of contact angle is made up of different steps
(Figure 2.3):

1. Acquisition and preparation of the images (e.g. cropping if needed);

2. In case a separate image of the background is acquired, image

registration and calculation of the difference from the image with the

drop.

Image segmentation, extraction and smoothing of drop profile

4. Fitting of the Laplace-Young equation to the experimental boundary and
determination of the contact angle.

w
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The first steps consists in taking a picture of the drop on an homogeneous
background and cropping it to reduce the weight of calculation. In fact, the drop
occupies only a part of the image and for this reason it is reasonable to consider
only the part containing it.

The second step was not necessary for the analyses in this thesis because drop
extraction from the background could be performed directly on the images
including the drop, with no need to “help” background subtraction using a
second image with the background alone.

After the image acquisition, the drop is processed to extract it from the
background; then it extracts the drop profile, interpolates the points acquired
through a polynomial curve and finally calculates the contact point and the
corresponding value of the turning angle.

To separate the drop from its background a standard technique of image
processing is used, consisting in the image conversion in gray tones and its
segmentation on two level (binarization). The process is implemented using
different built-in MATLAB functions:

rgb2gray converts RGB image or colormap to grayscale by eliminating the hue
and saturation information while retaining the luminance;

graythresh calculates a global threshold for image binarization, using Otsu's
method, which chooses the threshold to minimize the intraclass variance of the
thresholded black and white pixels [138].

im2bw produces binary images from indexed, intensity, or RGB images. To do
this, it converts the input image to grayscale format (if it is not already an
intensity image), and then converts this grayscale image to binary by
thresholding. The output binary image has values of 1 (white) for all pixels in the
input image with luminance greater than a certain level (here the output of the
graythresh function is used) and 0 (black) for all the other pixels.

Once the binary image is obtained, the boundary between the regions (which

represents the drop contour) is obtained by another built-in MATLAB function,
bwtraceboundary.
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Figure 2.3 - Extraction of the drop contour and contact angle measurement (a) Drop picture (b) Contour
extraction (c) Contour fitting.

The theoretical drop profile is calculated by basic finite difference (centered
form) integration of the axisymmetric Laplace-Young equation in its
dimensionless arc-length expression, that was implemented in a new MATLAB
function.

Then fitting of the different possible Laplacian curves at the experimental
contour is made by minimizing total mean-square error between the theoretical
and experimental profiles. In this case the MATLAB built-in function fminsearch.
The Young-Laplace fit gives the best correspondence between the theoretical
drop shape and the real drop shape.

Further details about the used functions can be found in Appendix A.

All the steps defined in the description of process have some parameters whose
values must be chosen by the operator.

When the image is processed the image region to be processed must be chosen,
by setting an height under which the image is not considered. Generally it is set
to a value that is just above the minimum height at which the drop appears. This
is particularly useful for the case of fabrics, etc. to avoid disturbances due to
fibers protruding from the surface and when performing the difference between

Pagina | 64



the drop and background images, because despite the attention when the
sample are "complex" there is no way to avoid non-zero differences between
image with and without drop (even only due to the shadow of the drop or
reflections).

Other important parameters are set during the extraction and fitting of the
contour, like threshold and smoothing values, number of iterations and finally
the base line value at which the angle is calculated.

The threshold value is used to binarize the difference image by passing it from
tones of gray to white / black. If the experimental images are very well
contrasted setting this value is easier, otherwise some “fine tuning” may be
necessary.

Attention must also be paid in choosing the value of smoothing because an
approximating cubic spline is used. Generally the larger the smooth value the
more the contour becomes smooth but it also loses accurate following of the
pixels in the original contour.

The procedure also have a maximum number of iteration after which the process
is stopped.

Finally, the base line value, in terms of the height at which the tracing of the drop
profile is stopped and contact angle is estimated, must be selected. It is the
guota of the base segment, side projection of the triple line. A not correct value
of the base line can lead to significant errors, especially for conditions of high
hydrophobicity and hydrophilicity, because a single pixel of difference can vary
the contact angle measurement of various degree. Despite many test for
automatic selection, based on sample extraction by image processing or
techniques to identify straight lines (e.g. Hough transform), no satisfactory
results were obtained, so this is still a step entrusted to the operator.

2.4 Sensitivity Analysis

Sensitivity analysis can be defined as “ a method to determine the stability of an
evaluation by understanding how much results can be influenced by change in
method, models, differences in values and assumptions” with the aim to identify
“results that depends on wrong value” [139]. It is the study of how
the uncertainty in the output of a mathematical model or system (numerical or
otherwise) can be split off and assigned to different sources of uncertainty in its
inputs. [140,141]. In fact, beside some experimental influencing quantities such
as drop displacement, drop volume, horizontal or inclined set-up, etc., contact
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angle determination also depends on the image analysis and the used fitting
procedure to extract the contact angle from the experimental.

In this section the conducted sensitivity analysis and validation of the
measurement technique are explained, to evidence and better understand
possible causes of errors that affect the accuracy of contact angle measurement.

As already said, despite many attempts to improve the contact angle
measurement, the technique remains to a certain degree subjective and
depends on the experience and skillfulness of the operator. During the process
the operator have to choose the value of some important parameters. These
values are relevant for the contact angle measurement and if not chosen
appropriately the validity of measurement can be heavily affected.

Sensitivity analysis has been based in this work on the evaluation of the effect of
input values for number of iterations in the fitting step, smoothing value for
contour smoothing, base line value and camera alignment, for images at
different images resolution (square images with 250, 500, 1000, 1250 and 1500
pixel along each direction), knowing the real contact angle and the Eotvos
number of each drop.

For each assigned parameter value the relative error (namely MAPE - mean
absolute percentage error:

Ft - At (16)

M =
Ay

S|

2.

n
t=1

where F;is the forecast value and A: is the actual value)

was calculated in order to understand the importance and weight of the
parameters in the process. This procedure leads to the software optimization,
discovering the best value for fitting, that are the values that minimized the
relative errors.

In the following sections the effect of the single parameters will be described.
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2.4.1 Number of iterations, smoothing, base line value

The effect of the dimensions of the droplet in pixel was investigated using
artificial drop images, created by MATLAB implementing the numerical
integration of the Young-Laplace profile. In this way focus can be on the software
part of the procedure alone, without the effects of all the experimental aspects
(e.g. camera, lighting, etc.); moreover, the correct value of the contact angle is
known (as it is an input in the creation of the images) and calculation of the
errors can be done against a certain reference.

Different resolutions of image were analyzed (as already said square images with
side 250, 500, 750, 1000, 1250, 1500 pixel respectively), to simulate situations
from low resolution cameras to high resolution with best quality. For each
resolution the contact angle was calculated for two types of images: a first type
in which the contour is directly traced as in the Figure 2.4.1(a) and a second type
when the starting pointis a black-and-white image from which the contour must
be calculated as in the Figure 2.4.1(b), to estimate also the additional error due
to this step).

Each set of pictures at a given resolution includes drops with contact angle values
from 10° to 170° with a step of 10° (17 values), and per each contact angle value
the Eotvos number varies from 0.2 to 5 with a step of 0.2 (25 values). So per each
contact angle there are 25 value corresponding to different Eotvos number for a
total of 425 images for each resolution.

Figure 2.4 - (a) picture with contour drop traced (b) picture in which contour must be calculated (B/W
picture).
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As an example, figure 2.5 shows some of the analyzed images for resolution 750,
when varying contact angle and Eo.

Eo20 CA20 Eo20_CAS0 Eo20_CA90 Eo20_CA130 Eo20_CA170

Eol40_CA20 Eo140_CA50 Eo140_CAS0 Eo140_CA130 Eo140_CA170
Eo260_CA20 E0260_CA50 Eo260_CA90 Eo260_CA130 E0260_CA170
Fo380_CA20 Eo380_CAS50 Eo380_CAS0 Eo380_CA130 E0380_CA170

Figure 2.5 - Examples of drop pictures with contour traced with different EGtvés number (here in % value) and different contact
angles. Each picture contains the respective EG6tvis (Eo) and contact angle (CA) value above.

Due to the large number of resulting images (4250 considering the two image
types and all resolutions), to keep everything ordered and suitable for automatic
processing, the Eotvos number and contact angle value of each drop and the
image resolution are memorized in the file name of each image.

Given the many parameters whose influence should be evaluated, the analysis
was conducted by steps. First the best values of number of iteration was
determined (keeping the smoothing and the baseline values at their reference
values), then the smoothing value was varied using for each resolution the
optimum iteration value; finally the contact angle errors caused by baseline
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displacement were calculated. A more rigorous possibility would have been to
perform a simultaneous optimization on all the parameters, but the first, simpler
approach was preferred here. Given the results, that will be presented in the
following, practically no difference was observed for the smoothing value so the
approach was a posteriori confirmed as valid.

The reference value of the baseline was manually identified (using Microsoft
Paint); different values for the number of iterations were tested and the best
one selected; successively the smoothing value was varied and fixed and finally
the baseline value was tested. For the latter analysis, the baseline was moved up
or down 1, 2, 3 pixel from the reference value (i.e. the best estimate of the
correct position according to the operator’s choice), examining the change in the
measured contact angle. As MATLAB identifies heights in images from top to
bottom (consistently with the rows in a matrix) an increase in the baseline value
means moving towards the bottom and thus considering a larger height for the
drop.

Values used for the different parameters are respectively:
e Smooth =0.01, 0.03, 0.05, 0.07;
e Number of iteration = 100, 500, 1000, 2500;

e Base-line value = reference value (named y_stop in the following tables)
-3 , -21 -1 , +Ol +1 ’ +21 +3I

For each value tested it was calculated the relative error between the contact
angle value obtained from the procedure and the theoretical value (used to
create the picture).

Given the large amount of data (more than 9000 value for each resolution) the
results were summarized calculating the usual statistical parameters: arithmetic
mean and median (that unlike the arithmetic mean is not affected by the
presence of a few anomalous data) as “central” values, and standard deviation
as an indicator of the dispersion of the distribution of values

To show results, to avoid a large amount of data, only some parameters value

are selected: one for number of iteration, one for smooth and base-line value
with one more and less pixel.
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2.4.2 Summary of the Obtained Results

In the following tables, results of the sensitivity analysis are presented.

The first issue that emerged from the analysis is that very small and very high
values of the contact angle are a problem for the software: in the majority of the
10° cases and in about one half of the 170° case it gave 180° as an answer, which
is the value returned when the fitting completely fails.

Therefore, the 10° and 170° sets of images were excluded from the analysis.

For all the other cases, Table 2.1 shows the results in terms of MAPE when
varying the number of iterations (while keeping smoothing and baseline at their
reference values); Table 2.2 shows the results when varying the smoothing value
(while keeping number of iterations and baseline at their reference values). In
both tables the results at different image resolutions are reported separately.

As it can be observed, the values are in general all very near to each other. No
significant effect of the smoothing value can be identified, and concerning the
number of iterations the only “strange” case is that at 250 resolution, for which
a small number of iterations is the best choice. For all the other resolutions, the
larger the number of iterations, the lower the MAPE, as it is reasonable; but the
improvement is extremely slight so 500 iterations can be already considered
adequate.

Table 2.3 shows the results when varying the baseline value (called y_stop in the
table), while keeping the number of iterations and the smoothing value at their
optimum values determined at the previous steps. In this case the effect is much
more significant - baseline value strongly affects the result - confirming the
importance of trying to select the parameter as accurately as possible.

As it can be seen, the best results are obtained or with the manually identified
value or the same minus 1 (i.e. taking the baseline one pixel up the reference
value); with no overall “winner” between these two. So in this case the “take
home message” should be to calculate the contact angle using both and consider
the difference as an unavoidable uncertainty. Luckily, at high image resolutions
such difference becomes very small - as obvious, given that with high resolutions
the relative importance of a single pixel is reduced, in relative term with respect
to the drop dimensions. In general, both the MAPE and the standard deviation
of the errors (that will be presented in the following sections) decrease with the
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increase of resolution. Contact angle values become more and more near to the
real value. The resolution of the camera influence the error in the contact-angle
measurement, as the fitting procedure is more precise with higher quality
images and also accuracy of the placement of the baseline increases with
resolution. Considering the standard deviation, in fact, at low resolution values
are quite scattered while when this increases value become closer to the
average. So, even if this obviously cannot eliminate the error completely, it can
be said that acquiring high resolution and high quality pictures is one of the most
important aspects of the procedure.

NUMBER OF ITERATION VALUE
RESOLUTION ITER_100 ITER_500 ITER_1000 ITER_2500

RESOL 0250 mean 3.29 6.00 6.00

= (st. deviation) (29.49) (54.90) (54.90)
REsoLoso0 | ™Mean 219 | 0.66 | 0.65
(st. deviation) (3.07) (0.44) (0.43)
RESOL_0750 mean 2.07 0.15 0.15
(st. deviation) (3.30) (0.19) (0.19)
RESOL 1000 mean 1.98 0.43 0.43
- (st. deviation) (2.98) (0.41) (0.41)
RESOL 1250 mean 1.86 0.09 0.09
- (st. deviation) (3.01) (0.12) (0.12)
cEsoL 1500 | Me@N 1.90 | 0.07 | 0.07
- (st. deviation) (3.22) (0.11) (0.11)

Table 2.1 - MAPE of Contact Angle at different number of iterations. For each cell the value is presented
completed with the corresponding standard deviation in brackets. In orange are evidenced the cases
with the minimum MAPE (“the winner”).
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SMOOTH VALUE
RESOLUTION SM_0.01 SM_0.03 SM_0.05 SM_0.07

RESOL 0250 mean 2.44 2.44 4.13

- (st. deviation) (2.80) (2.76) (32.90)
RESOL_0500 mean 0.68 0.66 0.65

- (st. deviation) (0.42) (0.43) (0.43)
RESOL_0750 mean 0.15 0.15 0.15

- (st. deviation) (0.22) (0.18) (0.19)
RESOL_1000 mean 0.43 0.43 0.43

- (st. deviation) (0.41) (0.41) (0.41)
RESOL_1250 mean 0.08 0.09 0.09

_ (st. deviation) (0.11) (0.12) (0.12)
RESOL_1500 mean 0.07 0.07 0.07

- (st. deviation) (0.11) (0.12) (0.11)

Table 2.2 - MAPE of Contact Angle at different smoothing values. For each cell the value is presented
completed with the corresponding standard deviation in brackets. In orange are evidenced the cases
with the minimum MAPE (“the winner”).

DROP CONTOUR PICTURE
BASELINE VALUE

RESOLUTION Y_STOP -3 | Y_STOP -2 | Y_STOP -1 Y_STOP |Y_STOP +1|Y_STOP +2 | Y_STOP +3
RESOL_0250| o\ i0\iztiony (‘31:%) (g:gi) (3:22) (2%) (g:gg) (2:32)
resoosoo| e | 25T | 0% o | ©79 | G2 | aen
wasoLo7so| o i | am | G4 | @ 02 | 02 | 080
e e oo | 0 | 0 | o069
esoLszso| i | 0% | eom | oon 017 | @28 |
RESOL_1500| (¢, i iation) (8:;2) (8:‘212) (8;(15) (gii) <81§3> (gj;g)

DROP B/W PICTURE
BASELINE VALUE

RESOLUTION Y_STOP -3 | Y_STOP -2 | Y_STOP -1 Y_STOP |Y_STOP +1|Y_STOP +2|Y_STOP +3
e a0 | can | oy | @om
wasovoson| 7 |02 | oo o | oo | G | aen
esouorso|  mewn | 0% | on o0 | o3 | oo | ooy
e e e 018 | o | 0 | ooy
wesouizsol e |~ 085 T 088 T 028 o | o1 | 03
reso1500| | oom | o2 | (@b o1 | ©20 | @29

Table 2.3 - MAPE of Contact Angle at different baseline value. For each cell the value is presented
completed with the corresponding standard deviation in brackets. In orange are evidenced the cases
with the minimum MAPE (“the winner”).
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After the analysis of the images already depicting the drop contour, attention
was focused on the images depicting full drop in black/white, from which the
contour must be extracted — thus allowing to evaluate also the influence of this
step on the errors.

As it can be observed from the previous tables, B/W drop images, for which the
contour was to be calculated, present higher errors — as is was expected,
considering that one more step is required to compute the contact angle value,
so there is a propagation of error, more steps lead to bigger errors.
Nonetheless, such additional error is in general extremely small.

To try to understand the cause of the discrepancies images (with the same
contact angle and Eotvos number) where the contour was extracted and with
the contour directly drawn were superposed. This showed that on the
extremities of the drop the fitting may differ of one pixel between the two
images, due to the behavior of the MATLAB bwtraceboundary function.

In the following sub-sections, further details about the results at the different
resolutions will be shown.

Pagina | 73



2.4.3 Detailed analysis at the different resolutions

2.4.3.1 Resolution_0250

Arithmetic Mean Resolution_0250

HCA_20 mCA_30 MCA_40 mCA_50 mCA_60 = CA_70 “CA_ 80 “CA_90 " CA_100 " CA_110 = CA_120 CA_130 CA_140 CA_150 CA_160

200
180 173.44 172.72
164.59 164.48 150,62 164.59 15040 164.34
160 152,40 152.36 129083 152.40 155,67 149162 152,50 155,37
141.98 141 13041 141.98 144,14 140.25 142.34 14451
140 131,42 131.4 120084 | 131/42 133.08 | 13052 | 132/14 133.84
121,36 121.38 12004 121,36 122,69 120,88 122.24 1236
2 120 11117 111.16 11003 | || 111,17 11231 || | 11134 || 11250 113/
3 100.01 99.87 99.06 100 100.99 100.28 1013 102.30
5 100 | | |
8 89.5! 89.51. 88.68 89,51 90.42 90.1 91.0 91.96
=
S 78.8] 78.9 78.1 78.8; 79.6 79. 80.2 81.1;
© g0 | | |
67.5 66.8 67.5 68.1 67.1
58.3 57.7; 58.3f 59. 57.4
474 48.4;
38.5 39.
29. 30.
20. 20.
Drop Contour Picture . . ) Drop B/W Picture . )
Iter_100 Sm_0.01 line-1 | Basel line-1 | Baseline+1
Sm_0.05 Iter_100 Iter_100 Iter_100 Iter_100 Iter_100 Iter_100 Iter_100
Baseline Baseline Sm_0,05 Sm_0.05 Sm_0.05 Sm_0,05 Sm_0.05 Sm_0.05
Standard Deviation Resolution_0250
6
° 5
]
s 4
S
a 3
@ 2
sl | | I I | | |
o il al Jl Jl Jll al ul ul
Iter_100 Sm_0.01 Baseline-1 Baseline Baseline+1 Baseline-1 Baseline Baseline+1
Sm_0.05 Iter_100 Iter_100 Iter_100 Iter_100 Iter_100 Iter_100 Iter_100
Baseline Baseline Sm_0,05 Sm_0.05 Sm_0.05 Sm_0,05 Sm_0.05 Sm_0.05
=5.D_20 0.38 0.37 0.37 0.38 0.37 0.36 0.39 0.39
=5.D_30 0.69 0.69 0.67 0.69 0.68 0.67 0.68 0.68
=5.0_40 1.26 1.27 127 1.26 1.28 127 1.27 1.28
®5.0_50 1.26 1.27 1.27 1.26 1.28 2.06 211 213
w5.D_60 1.89 2.11 1.84 1.89 1.90 2.51 2.52 2.57
S.D_70 4.18 4.12 412 4.18 424 3.98 4.04 4.08
S.D_80 3.27 3.32 3.23 3.27 3.30 3.77 3.82 3.88
S.D_90 3.03 3.41 2.99 3.03 3.06 2.86 2.89 2.93
5.D_100 4.20 4.16 413 4.20 4.24 2.66 2.67 2.66
S.0_110 0.59 0.56 0.56 0.59 0.68 0.62 0.75 0.94
S.0_120 0.52 0.55 0.47 0.52 0.70 0.46 0.53 0.74
s.0_130 0.51 0.54 0.42 0.51 0.77 0.44 0.65 0.99
S.D_140 0.73 0.76 0.51 0.73 112 0.58 0.88 130
s.D_150 1.07 1.13 0.83 1.07 1.67 0.94 1.26 1.93
S.D_160 1.84 1.75 0.99 1.84 5.27 112 213 5.59

Table 2.4 - Resolution_0250: Contact angle arithmetic mean and standard deviation for pictures
with contour drop traced and B/W pictures. In the first two columns are present values coming for
choosing different smoothing value rather than “the winner”. In the other columns are presented
contact angle value varying the baseline 1 pixel from the one choosing by the operator. In brown
itis evidenced the best fitting value for picture with contour drop traced, in red the best fitting for
B/W picture.
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2.4.3.2 Resolution_0500

mCA20 mCA_30

®CA40 ®CA_S0

180

160

140

120

N
1
3

Contact Angle
3

1 CA_60

Arithmetic Mean Resolution_0500

Drop Contour Picture Drop B/W Picture
Iter_2500 Sm_0.07 Baseline-1 Baseline Baseline+1 Baseline-1 Baseline
Sm_0.05 Iter_2500 Iter_2500 Iter_2500 Iter_2500 Iter_2500 Iter_2500
Baseline Baseline Sm_0.07 Sm_0.07 Sm_0.07 Sm_0.07 Sm_0.07

Parameter Variation
Standard Deviation Resolution_0500
2
2
1
vl
H
51 |
: 1
@ g
0 ‘ : ‘ | | 4 ‘ | ‘ |
o ! !
° Illl..mHI” h_ull\l‘l Lll...u\l\l\”h.u.ﬂl\l” LI-.U\|H| Lllﬂ.ull\”lh-.ulml‘
Iter_2500 sm_0.07 Baseline-1 Baseline Baseline+1 Baseline-1 Baseline
Sm_0.05 Iter_2500 Iter_2500 Iter_2500 Iter_2500 Iter_2500 Iter_2500
Baseline Baseline sm_0.07 sm_0.07 sm_0.07 sm_0.07 sm_0.07
u5.0_20 017 0.24 023 024 023 022 01
u5.0_30 010 012 011 0.2 0.10 013 015
us.0_40 012 015 011 0.5 015 042 012
wSs.D_50 0.10 011 012 011 0.12 011 0.11
S5.D_60 0.09 0.08 0.08 0.08 0.12 0.14 0.14
uS.D_70 015 015 0.4 0.5 047 018 016
5.D_80 047 016 015 0.16 0.20 019 049

5.0_90 015 015 014 0.5 021 0.09 015

S.D_100 0.18 0.18 0.18 0.18 022 0.18 0.19

$.0_110 021 022 0.19 022 030 022 027

S.D_120 0.19 0.18 017 018 0.26 0.18 023

$.0_130 024 025 022 0.25 037 0.25 035

5.D_140 0.35 0.35 0.34 0.35 0.48 032 0.41

$.D_150 0.48 0.48 033 0.48 076 036 054

5.0_160 097 097 0.60 0.97 162 0.60 097

HCA_70 CA_80 CA_90 CA_100 CA_110 CA_120 CA_130 CA_140 CA_150 CA_160
159.93 162.25 164.99
149,99 151,40 152,93
140,01 141,04 142.08
130
1202
110,38
100.44
90.48
80.4(

Baseline+1
Iter_2500
Sm_0.07

- \”'

Baseline+1
Iter_2500
sm_0.07

0.21
014
042
0.3
0.3
047
021
0.21
0.26
036
035

Table 2.5 - Resolution_0500: Contact angle arithmetic mean and standard deviation for pictures with
contour drop traced and B/W pictures. In the first two columns are present values coming for choosing
different smoothing value rather than “the winner”. In the other columns are presented contact angle
value varying the baseline £1 pixel from the one choosing by the operator. In brown it is evidenced the
best fitting value for picture with contour drop traced, in red the best fitting for B/W picture.
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2.4.3.3 Resolution_0750

Arithmetic Mean Resolution_0750

WCA 20 mCA 30 mCA 40 mCA 50 mCA_60 CA_70 CA_80 CA_90 CA_100 CA_110 CA_120 CA_130 CA_140 CA_150 CA_160 CA_170
200
180 174.22 17885
169.99 160.98 167.27 169.98 i 169.76 17388
159,78 159,78 158/a1 159,78 161.27 159,69 161.16 16281
160 14995 6 149 15090 14994 15088 15185
139.94 139.9 140,62 139.97 140, 141,
140
129 129, 129.96 130! 130, 130. 131,
120, 120, 120.06 120.52 120. 120. 121,
- 20 110.04 110, 110,05 1104 110, 110 1114
& 100. 100 1004 100. 101,06
ot
K] .03 90.03 90.31 90.94
s 80.0: 80. 808
o
69.9:
19.!
Drop Contour Picture Drop B/W Picture
Iter_2500 Sm_0.03 Baseline-1 Baseline Baseline+1 Baseline-1 Baseline Baseline+1
Sm_0.05 Iter_2500 Iter_2500 Iter_2500 Iter_2500 Iter_2500 Iter_2500 Iter_2500
Baseline Baseline Sm_0.03 Sm_0.03 Sm_0.07 Sm_0.03 Sm_0.03 Sm_0.03
Parameter Variation
Standard Deviation_0750
3
3
2
g
s 2
a
a
1
' ‘
PR — | _— S| RO | RO | RO | NS | M|
Iter_2500 Sm_0.03 Baseline-1 Baseline Baseline+1 Baseline-1 Baseline Baseline+1
Sm_0.05 Iter_2500 Iter_2500 Iter_2500 Iter_2500 Iter_2500 Iter_2500 Iter_2500
Baseline Baseline Sm_0.03 $m_0.03 Sm_0.07 $m_0.03 Sm_0.03 Sm_0.03
=S.D_20 0.11 0.11 0.07 0.11 0.09 0.14 0.12 0.13
=5.D_30 0.07 0.06 0.07 0.06 0.07 0.09 0.10 0.10
=S.D_40 0.08 0.08 0.08 0.08 0.09 0.07 0.08 0.10
=S.D_50 0.10 0.10 0.10 0.10 0.06 0.12 0.11 0.09
=S.D_60 0.06 0.06 0.09 0.06 0.07 0.09 0.07 0.08
5.D_70 0.09 0.09 0.08 0.09 0.07 0.09 0.08 0.10
5.D_80 0.10 0.12 0.12 0.12 0.11 0.10 0.14 0.16
5.D_90 0.10 0.09 0.10 0.09 0.12 0.10 0.12 0.15
5.D_100 0.12 0.12 0.13 0.12 0.12 0.14 0.17 0.21
s.D_110 0.13 0.12 0.12 0.12 0.16 0.18 0.24 0.28
5.D_120 0.10 0.10 0.13 0.10 0.15 0.14 0.18 0.25
s5.D_130 0.16 0.16 0.17 0.16 0.20 0.17 0.23 0.33
s5.D_140 0.24 0.24 0.29 0.24 0.27 0.26 0.32 0.42
5.D_150 0.27 0.27 0.32 0.27 0.33 0.29 0.37 0.52
5.D_160 0.37 0.37 0.48 0.37 0.48 0.40 0.48 0.77
5.0_170 0.96 0.93 0.76 0.93 2.44 1.01 2.52 1.92

Table 2.6 - Resolution_0750: Contact angle arithmetic mean and standard deviation for pictures with
contour drop traced and B/W pictures. In the first two columns are present values coming for choosing
different smoothing value rather than “the winner”. In the other columns are presented contact angle
value varying the baseline £1 pixel from the one choosing by the operator. In brown it is evidenced the
best fitting value for picture with contour drop traced, in red the best fitting for B/W picture.
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2.4.3.4 Resolution_1000

Arithmetic Mean Resolution_1000

mCA_20 mCA30 mwCA_40 mCAS0 mCA_60 CA_70 CA_80 CA_90 CA_100 CA_110 CA_120 CA_130 CA_140 CA_150 CA_160

180

160

161,03 161.02 159.92 161.02 162.23 159.87 160.96 162.15
150,63 150/63 149/94 150/63 151434 149/92 150,60 151,30
e 140,50 140/50 139,99 14050 141,00 140,02 140153 141,03
120 130,34 130,34 129,95 130,34 130,73 130/04 13044 130/83
120,31 120/31 120l00 120,31 120.65 120/14 120/48 120/80
100 11025 11025 109,98 110,25 110!52 110/14 110l45 11074
100.27 100/26 100,00 100.26 100.52 100/23 100/47 100,71

Contact Angle

Drop BfW Picture

Drop Contour Picture
Iter_2500

Sm_0.07 Baseline-1 Baseline Baseline+1 Baseline-1 Baseline Baseline+1
Sm_0.05 Iter_2500 Iter_2500 Iter_2500 Iter_2500 Iter_2500 Iter_2500 Iter_2500
Baseline Baseline Sm_0.07 Sm_0.07 Sm_0.07 sm_0.07 Sm_0.07 Sm_0.07

Parameter Variation

Standard Deviation Resolution_1000

0.60
0.50
0.40
o
2
S o030
a
@
0.20
o b IHM HH H‘ H‘ H IH‘ H‘ H
veo 111 )1 1 o 11 ol 1 o 11 ol
Iter_2500 Sm_0.07 Baseline-1 Baseline Baseline+1 Baseline-1 Baseline Baseline+1
Sm_0.05 Iter_2500 Iter_2500 Iter_2500 Iter_2500 Iter_2500 Iter_2500 Iter_2500
Baseline Baseline Sm_0.07 Sm_0.07 Sm_0.07 sm_0.07 Sm_0.07 Sm_0.07
= S.D_20 0.12 0.07 0.08 0.07 0.07 0.09 0.06 0.07
mS.D_30 0.07 0.07 0.07 0.07 0.09 0.08 0.06 0.08
S.D_40 0.06 0.07 0.06 0.07 0.07 0.07 0.08 0.08
S.D_50 0.04 0.04 0.06 0.04 0.09 0.07 0.06 0.09
5.D_60 0.05 0.04 0.04 0.04 0.05 0.08 0.05 0.08
“S.D_70 0.06 0.06 0.07 0.06 0.09 0.07 0.09 0.06
S.D_80 0.09 0.08 0.08 0.08 0.11 0.06 0.11 0.12
S.D_90 0.07 0.07 0.07 0.07 0.11 0.07 0.10 0.13
S.D_100 0.09 0.08 0.06 0.08 0.13 0.08 0.12 0.15
S.D_110 0.11 0.11 0.09 0.11 0.14 0.09 0.14 0.17
S.D_120 0.16 0.16 0.09 0.16 0.20 0.13 0.17 0.22
S.D_130 0.16 0.16 0.14 0.16 0.21 0.16 0.19 0.26
S.D_140 0.17 0.18 0.15 0.18 0.24 0.14 0.17 0.26
S.D_150 0.24 0.24 0.21 0.24 0.32 0.22 0.25 0.34
S.D_160 0.38 0.36 0.33 0.36 0.55 0.32 0.38 0.56

Table 2.7 - Resolution_1000: Contact angle arithmetic mean and standard deviation for pictures with
contour drop traced and B/W pictures. In the first two columns are present values coming for choosing
different smoothing value rather than “the winner”. In the other columns are presented contact angle
value varying the baseline £1 pixel from the one choosing by the operator. In brown it is evidenced the
best fitting value for picture with contour drop traced, in red the best fitting for B/W picture.
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2.4.3.5 Resolution_1250

Arithmetic Mean Resolution_1250

MCA20 WCA30 HCA40 WCAS50 WCAG60 WCA70 =CAB80 =CA90 ©CA100 ~CA110 ~CA120 ~CA130 ~CA_140 ~CA_150 ~ CA_160
180
159.99 159.99 159.16 159.99 160.88 159.06 15091 162.81
160
149.97 149.97 149.42 149.97 150.50 149.38 149.94 151,66
140,03 140.03 139,64 140.03 140.45 139,65 140,05 141.26
140
129.99 129.99 129.67 129.99 130.28 129.72 130.03 130.92
119.99 119.99 119.73 119.99 120.25 119.82 120.07 120.79
120
110.00 110.00 109.76 110.00 110.20 109.89 110.12 110.64
%n 100.04 100.04 99.8| 100.04 100.24 99.98 100.20 100.64
100
2 90.0: 90.0: 89.8 90.0: 90.1! 89.9 90.14 90.5!
-
3 80.5!
s
c
o
o
0 Drop Contour Picture N . Drop B/W Picture .
ter_25 Sm_0.03 Baseline-1 Baseline Baseline+1 Baseline-1 Baseline Baseline+1
Sm_0.05 Iter_2500 Iter_2500 Iter_2500 Iter_2500 Iter_2500 Iter_2500 Iter_2500
Baseline Baseline Sm_0.03 Sm_0.03 Sm_0.0.3 Sm_0.03 Sm_0.03 Sm_0.03
Parameter Variation
Standard Deviation Resoution_1250
2.00
1.80
1.60
1.40
g 120
s 1.00
3 os0
0.60
0.40
020
0.00 e — — — — . — L
Iter_2500 Sm_0.03 Baseline-1 Baseline Baseline+1 Baseline-1 Baseline Baseline+1
Sm_0.05 Iter_2500 Iter_2500 Iter_2500 Iter_2500 Iter_2500 Iter_2500 Iter_2500
Baseline Baseline Sm_0.03 Sm_0.03 Sm_0.0.3 Sm_0.03 $m_0.03 Sm_0.03
mS.D_20 0.08 0.06 0.05 0.06 0.04 0.06 0.06 0.07
uS.D_30 0.06 0.05 0.05 0.05 0.05 0.07 0.06 0.06
uS.D_40 0.06 0.06 0.05 0.06 0.07 0.08 0.06 0.09
= S.D_50 0.03 0.03 0.04 0.03 0.04 0.05 0.04 0.07
5.D_60 0.06 0.06 0.06 0.06 0.06 0.07 0.07 0.09
s.D_70 0.06 0.06 0.06 0.06 0.05 0.09 0.06 0.08
s.D_80 0.07 0.07 0.06 0.07 0.07 0.06 0.07 0.12
s.D_90 0.07 0.07 0.08 0.07 0.07 0.08 0.06 0.11
S.D_100 0.08 0.07 0.06 0.07 0.07 0.07 0.07 0.12
S.D_110 0.08 0.08 0.09 0.08 0.09 0.10 0.07 0.15
S.D_120 0.09 0.09 0.11 0.09 0.11 0.12 0.09 0.16
S.D_130 0.11 0.11 0.12 0.11 0.13 0.13 0.13 0.23
S.D_140 0.11 0.11 0.13 0.11 0.16 0.12 0.11 0.28
S.D_150 0.18 0.18 0.18 0.18 0.25 0.19 0.19 0.41
S.D_160 0.26 0.26 0.26 0.26 0.35 0.28 0.27 0.71
S.D_170 0.40 0.39 0.40 0.39 0.76 0.42 0.43 1.84

Table 2.8 - Resolution_1250: Contact angle arithmetic mean and standard deviation for pictures
with contour drop traced and B/W pictures. In the first two columns are present values coming for
choosing different smoothing value rather than “the winner”. In the other columns are presented
contact angle value varying the baseline +1 pixel from the one choosing by the operator. In brown
it is evidenced the best fitting value for picture with contour drop traced, in red the best fitting for

B/W picture.
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2.4.3.6 Resolution_1500

Arithmetic Mean Resolution_1500

WCA_20 mCA30 ®mCA 40 mCA_S0 mCA_60 CA_70

180

140

120

100

Contact Angle

160.03

149,

139.9

129.96

119.96
109.99
99.98
90.0
79.99
70.0

59.9

93
8

0 Drop Contour Picture
Iter_2500

0.30

0.25

0.15

S.D Value

0.10
0.05

0.00

=5.0_20
=5.0_30
=5.0_40
=5.D_50
=5.D_60
=S.D_70
s.0_80
s.0_90
s.0_100
s.0_110
s.0_120
5.0_130
s.D_140
5.D_150
s.D_160

Sm_0.05
Baseline

160.03

149,93

139.98

129.96

119.96
109.98
99.98
90.0¢
79.99
69.9!

Sm_0.01
Iter_2500
Baseline

159.33

149.4

139.66

129.71
119.74
109.78
99.8:
89.8:
79.86

Baseline-1
Iter_2500
Sm_0.01

CA80 =CA90 ©CA_100 ~CA_110 ~CA_120 ~CA_130 = CA_140  CA_150

7

160.03

149.93
139.98
129.96
119.96
109.98
99.9
90.0(
79.9

Baseline
Iter_2500
Sm_0.01

160.78 159.28
150.39 149.44
140,33 139,65
130.22 129.74
12014 119.81
110.16 109.88
100.16 99.9
89.9

Baseline+1
Iter_2500
Sm_0.01

Parameter Value

Standard Deviation Resolution_1500

e e aa

Iter_2500
Sm_0.05
Baseline

0.06
0.06
0.03
0.04
0.04
0.04
0.03
0.03
0.05
0.05
0.06
0.10
0.11
0.12
0.25

Sm_0.01
Iter_2500
Baseline

0.06
0.05
0.05
0.03
0.04
0.03
0.03
0.03
0.05
0.05
0.06
0.10
0.11
0.12
0.25

Baseline-1
Iter_2500
Sm_0.01

0.04
0.04
0.05
0.05
0.05
0.05
0.06
0.06
0.06
0.06
0.10
0.13
0.14
0.15
0.27

Drop B/W Picture
Baseline-1

Iter_2500
Sm_0.01

Baseline
Iter_2500
Sm_0.01

CA_160

Baseline+1
Iter_2500
Sm_0.01

e ol sl bl db

Baseline

Iter_2500

$m_0.01
0.06
0.05
0.05
0.03
0.04
0.03
0.03
0.03
0.05
0.05
0.06
0.10
0.11
0.12
0.25

Baseline+1
Iter_2500
Sm_0.01

0.04
0.06
0.08
0.04
0.08
0.03
0.05
0.05
0.06
0.06
0.09
0.08
0.13
0.15
0.29

Baseline-1
Iter_2500
Sm_0.01

0.05
0.05
0.05
0.05
0.06
0.09
0.05
0.06
0.05
0.08
0.10
0.12
0.13
0.15
0.28

Baseline

Iter_2500

Sm_0.01
0.08
0.06
0.04
0.06
0.05
0.06
0.08
0.03
0.08
0.06
0.06
0.09
0.09
0.13
0.23

Baseline+1
Iter_2500
Sm_0.01

0.05
0.05
0.08
0.05
0.07
0.05
0.05
0.06
0.06
0.08
0.09
0.07
0.13
0.16
0.28

Table 2.9 - Resolution_1500: Contact angle arithmetic mean and standard deviation for pictures with contour
drop traced and B/W pictures. In the first two columns are present values coming for choosing different
smoothing value rather than “the winner”. In the other columns are presented contact angle value varying the
baseline +1 pixel from the one choosing by the operator. In brown it is evidenced the best fitting value for
picture with contour drop traced, in red the best fitting for B/W picture.
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2.4.4 Camera Alignment

To complete the analysis of the factors affecting contact angle measurement the
alignment of the camera with the drop-sample system was evaluated.

In fact, the sample should be placed perfectly horizontal and the camera view
should be on the same plane as the sample. A tilt in the camera view can be a
source of relevant errors. If the stage is tilted some parts of the droplet will be
covered by the stage, or vice versa the drop will be seen “from the top” altering
its apparent shape, in both cases making the measurement inaccurate.

Even if the qualitative effect of this motion can be easily foreseen, verifying and
guantifying it given the complex shape of real drops is not viable analytically;
therefore also this analysis was performed using computer-generated drop
pictures — so that their contact angle and Eotvos numbers were exactly known —
with a camera positioned respectively higher and lower with respect to the
perfect alignment. In this case 3D drops were generated in MATLAB, then
exported in OBJ format (a format widely used for computer graphics) and
imported in a software for rendering (namely Appleseed
https://appleseedhg.net/) to obtain realistic images of the drops. Appleseed is a
physically-based rendering engine, but strict photorealism was not of interest
here. Figure 2.6 shows two examples of the used pictures.

Figure 2.6 - Two examples of computer-generated drops. On the left a drop picture taken with a positive
camera inclination (lens center higher than the baseline). On the right picture takem with a negative camera
inclination (lens center lower that the baseline).
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Two different sets of rendered images with contact angle values of 120° and 150°
were considered. Each set was composed by a perfectly aligned image and other
images with the camera too high or too low, with a misalignment in degrees as
in Table 2.10. For each image it was also evaluated effect of the selection of the
baseline. For all images the baseline was manually identified and then moved
1,2,3 px up and down. In all cases the error increases with the inclination. When
the camera is put lower than the perfect sample alignment the contact angle
decreases, that is reasonable because the bottom part of the drop is “cut”,
covered by the sample. On the contrary with a higher position of the camera the
contact angle value increases, because the projected, apparent cross section of
the drop is flattened.

Camera position | Inclination [deg]
1.00
Low
0.50
Perfect Alignement 0
0.5
1
High
9 1.4
2.4

Table 2.10 - Degree inclination of camera.

Analyzing the variation of the baseline value for each inclination, the minimum
error was obtained for the baseline value nearer to the correct baseline value of
the perfect alignment picture.

As it can be seen from the following figures trend is practically linear with respect
to the baseline displacement (as it is reasonable given the minor amount of the
latter), with significant effects on the measurement, confirming the importance
of the parameter. Concerning the misalignment, the variations are not linear,
and placing the camera too low causes larger errors - so it is better to risk an
upwards misalignment. In any case this proves to be another major source of
error, to which maximum attention should be given when acquiring the
experimental images.
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Figure 2.7 - Contact angle distortion due to a not correct alignment of camera for a drop with a
contact angle value of 120°. Each line corresponds to different inclination with the respective contact
angle value varying the baseline value of + 3 pixel.
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Figure 2.8 - Contact angle distortion due to a not correct alignment of camera for a drop with a
contact angle value of 150°. Each line corresponds to different inclination with the respective contact
angle value varying the baseline value of + 3 pixel.
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Chapter 3

Experimental results for home-made samples and
fluorinated gas diffusion layers

3.1 Introduction

In this chapter we will illustrate the results of the measurements carried out on
different surfaces using the technique and the details discussed in the previous
chapters. More specifically, the characterization of the new graphene oxide
membranes (described in the following chapter) was the third of three steps,
where the first two (described here) were the measurements of the contact
angle on home-made samples and on samples already tested in previously works
at the Thermo-fluid dynamics laboratory.

The first step permitted the optimization of the home-made setup and
measurement technique. The second gave the validation of the technique and
measurement thanks to the comparison of the contact angles obtained with the
now previously found.

After the validation of the home-made setup the contact angle measurements
of new membranes produced at the Department of Chemistry, Materials and
Chemical Engineering “Giulio Natta” were carried out.

In order to assess repeatability, for each sample 21 drop pictures were acquired:
- 9 pictures of a first drop: the camera was positioned in a first position for the
first 3 pictures, in a second position for the second 3 pictures, and in a third
position for the last 3 pictures;

- 3 pictures of a new drop: here, the camera was positioned in the first position
for the first shot, in the second position for the second shot, and in the third
position for the last shot. This procedure was repeated 4 times.

Contact angle was evaluated as the arithmetic mean of all the single
measurements.

Pagina | 83



3.2 Home-made samples

As explained before, a first set of samples was created with simple things that
can be found in everyday life, like nail polish (a cosmetic product for coloring,
protecting and fortifying nails) and ceramic polish (normally used to restore
home parts), two aluminum covers and a common cleaning wet wipe
(Figures 3.1and 3.2).

Covers were cleaned and utilized both as samples and as bases for depositing
layers of ceramic polish, normal and gel nail polish. One cover was used to test
aluminum itself and the ceramic paste, while the second for normal and gel nail
polish. The wet wipe was used as a third base on which a very thin layer of
normal nail polish was settled on his fibre texture.

After the contact angle measurements on clean samples, limescale accretion on
the same was also carried out by repeated wetting and drying with tap water for
10 days, to verify if limescale gives a hydrophobic behavior as often reported in
the literature for other surfaces.

Chemical composition of the solutions and materials used are briefly described
below:

e normal nail polish and gel nail polish: conventional nail polish consists of
a polymer, most commonly nitrocellulose, dissolved in a solvent, usually
ethyl acetate or butyl acetate. When it is applied the solvent evaporates,
leaving the polymer to form a film on the nail. Adhesive polymer resins
that are also contained within the formulation help the polymer film to
stick to the nail. These so-called film modifiers also impart a glossiness to
the polymer finish. This conventional nail polish is not the only option,
however. Gel nail polish is an alternative formulation which consists of
methacrylate compounds and photoinitiating compounds such as
benzoyl peroxide. In both conventional and gel nail polishes, plasticisers
are also used. These are compounds added to stop the polish from easily
cracking or chipping. They remain behind when the solvents evaporate
or when the polish is cured with UV light; in fact they are used in a wide
range of plastics, not just polishes, and help to add flexibility.

e ceramic polish : it is a two-component epoxy nail to restore ceramic

surfaces, most commonly in the bathroom. It is quick to dry and resistant
to hot water, detergents and high temperature.
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e wet wipe: a common commercial wet wipe that was let dry-off in order
to depose the nail polish over it.

Figure 3.1- Covers used to create experimental samples, , with normal and gel nail polish (left) and
ceramic polish (right).

Figure 3.2 - Picture of a drop deposited on the wipe coated with a thin layer of nail polish. Sample
showed an hydrophobic behavior.
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3.2.1 Results for the home-made samples

Aluminum, ceramic and normal nail polish was tested 3 times (for a total of 63
images) while gel nail polish only one time. As shows in Table 3.1 below all the
samples present a hydrophilic behavior with a contact angle value in the range
of 70°-80°, except the wipe which shows an high hydrophobicity with a mean
contact angle value of 157°. Differences in contact angle value in the
repeatability test can in part be due to the different drop volume deposed
because it was placed with a common medical syringe unable to calibrate the
volume as precisely as it would be possible with a precision syringe.

HOME-MADE SAMPLE
SAMPLE DROP/TEST 11 1.2 13 2 3 4 5 MEAN |TOTAL MEAN
1 69.4 68.3 67.4 68.5 711 72.7 69.4 69.5
ALUMINUM 2 73.0 71.4 70.9 76.7 68.1 68.7 72.3 71.6 73.5
3 79.5 78.4 78.5 83.0 79.6 73.9 82.2 79.3
1 76.9 77.0 77.1 80.5 80.4 73.4 79.7 77.9
CERAMIC 2 75.1 74.3 73.4 69.8 79.1 72.4 78.0 74.6 77.1
POLISH . . . ; i . . : )
3 79.0 78.8 78.3 78.3 80.0 80.0 78.1 78.9
1 65.3 68.0 66.2 68.0 71.9 75.4 64.0 68.4
NORMAL 72.2
NAIL POLISH 2 67.0 68.8 66.7 72.9 72.1 73.4 62.1 69.0 .
3 81.8 83.5 80.1 75.5 76.4 77.6 79.8 79.2
GEL NAIL
POLISH 1 89.6 85.0 84.1 76.1 80.0 75.3 78.8 81.3 81.3
WET WIPES 1 162.4 164.9 168.7 141.4 133.7 164.5 165.3 157.3 157.3

Table 3.1 - Contact angle values on home-made samples.
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POLIMI SAMPLES
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Figure 3.3 - Box plot of the contact angle values on the home-made samples. In each box plot are

respectively represented the minimum, first quartile, median, third quartile and maximum value for
each distribution.

About the limestone growth, it was evidenced that there is not an increase in
contact angle values that remains practically the same as shown in Table 3.2. So
in these cases limestone did not give a hydrophobic characterization to the
samples. This was surprising, but further studies should be performed to obtain
more substantiated conclusions.

LIMESTONE
SAMPLE DROP/TEST 11 1.2 13 2 3 4 5 TOTAL MEAN
ALUMINUM 1.0 65.5 64.4 64.3 76.4 78.9 81.5 80.9 73.1
CERAMIC POLISH 1.0 77.5 81.3 76.4 80.9 80.2 79.3 77.2 79.0
NORMAL NAIL POLISH 1.0 73.8 74.3 69.2 75.5 76.7 75.2 76.0 74.4

Table 3.2- Contact angle values after ten days of limestone growth on home-made samples.
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3.3 Polimi samples:

In order to validate the home-made setup, it was necessary to test it with
samples for which the contact angle had already been calculated in the course
of the other studies. By doing so, it was possible to compare the contact angle
values obtained by the home-made setup with the ones obtained by a
professional laboratory.

Samples were selected among those that had been investigated in previous
campaign at the Thermo-fluid dynamics laboratory and consists in:

5. aluminum sample;

6. brass sample;

7. three gas diffusion layers (GDL) for fuel cells, made by the Mat4En2 group
using PTFE(polytetrafluoroethylene), FEP(fluorinated ethylene propylene ),
PFA (perfluoroalkoxy).

Brass and Aluminum were cleaned with common alcohol solution before testing.
GDLs were tested as they were, after fixing them with double side scotch tape
on an aluminum support (Figure 3.4).

Figure 3.4- Picture of a drop on a FEP GDL.
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3.3.1 Results on Polimi samples

Table 3.3 shows the values of the contact angles measured on the Polimi
samples, with an additional column reporting the old data.

From the comparison it can be affirmed that the results obtained using the
home-made setup are satisfactory, in particular with an excellent agreement for
the GDL surfaces that are those on which the old data had been acquired with
the better accuracy.

POLIMI SAMPLE
TOTAL POLIMI
SAMPLE TEST 1.1 1.2 1.3 2 3 4 5 - MEDIAN e —
64.8 63.0 62.7 73.7 64.1 67.0 73.8
ALUMINUM 1 1.7) (1.3) ©0.5) (1.0) ©0.7) ©7) 2.0) 66.2 64.8 75£10
103.4 102.0 100.9 | 1018 99.7 100.4 161.1
BRASS 1 0.4) ©7) (1.3) 2.6) ©0.4) (1.0) 0.4) 100.8 100.3 80-82
FEP 1 165.1 165.3 165.9 | 1653 | 159.0 147.7 158.5 160.7 160.9 158.8
(1.4) (1.0) (3.3) (0.4) (1.5) (3.1) (1.9) ’ ) )
163.6 170.1 1685 | 164.6 | 166.0 167.0 159.8
PFA ! (0.8) (1.9) (0.4) (1.6) (5.8) (0.4) (0.7) 162.2 164.2 161.5
PTFE 1 161.7 164.8 161.0 | 156.8 | 164.7 157.4 158.5 165.7 165.9 156.7
(1.8) (2.0) (1.0) (1.1) (3.0) (4.3) (1.1) ) i )

Table 3.3 - Contact angle values (MAPE and standard deviation) on Polimi samples.

POLIMI SAMPLES
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Figure 3.5 - Box plot of the contact angle values on the Polimi samples. In each box plot are respectively

represented the minimum, first quartile, median, third quartile and maximum value for each
distribution.

Pagina | 89



3.4 Comparison with Tadmor model
3.4.1 Tadmor Experiments

The aim of Tadmor experiment describes in [45] was to prove that the as-placed
contact angle, Bap, of a sessile drop on a horizontal surface decreases with the
increase of drop size due to the intensification of hydrostatic pressure. He used

“Muscovite mica” as a substrate (rectangular sheets 1.5 cm X 3.5 cm- with a

thickness in the range of 0.05 to 0.2 mm). Octadecyltrimethyl ammonium (OTA)
monolayer using aqueous solutions of OTA-bromide was utilized to cover the
mica. The surface was then cleaned with water to remove excess surfactant. It
was used a hexadecane drop that reaches a quickly a stationary position after
placed on the substrate, so the measurement were carried out after a minute
since drop placement. The drops were placed carefully on the surface in order
to not acquire a significant inertia. Contact angle was measured. A graphs in
which contact angle value was put in y-coordinate and diameter in x-coordinate
was plotted. As a results it was seen that Bap decreases as the drop diameter
increases from ~1.8 mm (drop volume V ~ 0.5 ul) to ~11 mm (V ~ 70 ul). So
Tadmor demonstrated that the drop contact angle decreases with increasing
drop size (volume). This is true for hydrophilic surfaces, while on hydrophobic
ones the behavior should be reversed, with contact angle increasing with the
drop volume. So a series of tests were performed in this work to verify if the
Tadmor results for wetting drops could be reproduced using the in-house setup,
and if the supposed extension to nonwetting drops (not investigated by Tadmor)
could be verified.

Aluminum, brass, normal and gel nail polish, ceramic polish and FEP membrane
were investigated to verify the presence of a Tadmor trend. On each sample
about 15 drops were placed with different volume size from the smallest one to
the biggest. The volume raise was achieved adding a small quantity of water
starting from a small drop as illustrated in Figure 3.6.
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Figure 3.6 - Procedure for the drop volume increase on the gel nail polish surface.

3.4.2 Results

Drop volume was calculated making the conversion from pixel to mm?3
(equivalent to microliters that are a sort of standard unit for drop volumes).

A small object of known dimensions was included in the pictures — specifically an
earring. Knowing the real dimension of the earring in mm and measuring the
equivalent dimension in pixel from the picture it was found the conversion factor
from pixel to mm. This, together with the measurement of the drop maximum
diameter, made it possible to convert the volume first from the dimensionless
world of the Laplace-Young integration into voxels, and then from voxels to cubic
millimeters.

It was also estimated the height of the drop thanks to the implementation of a
specific code in MATLAB. Thus the contact angles evaluated were plotted along
the y-coordinate, with the volume or height along the x-coordinate.
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Figure 3.7 - FEP and BRASS contact angle trend with respect to volume and height.

Contact Angle [*]

CERAMIC AND ALUMINUM

Volume

Contact Angle [°]

CERAMIC AND ALUMINUM

Height

Figure 3.8 - CERAMIC and ALUMINUM contact angle trend with respect to volume and height.
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Figure 3.9 - NORMAL and GEL nail polish contact angle trend with respect to volume and height.
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Figures evidences a non-clear Tadmor trend. For FEP, brass, gel nail polish and
ceramic polish we can notice that in the graphs “Contact Angle-Volume” points
respect Tadmor trend, even if there are some outliers. Concerning the “Contact
Angle-Height” charts, instead, we can clearly affirm that there is no trend, only
clouds of points.
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Chapter 4

Results for the graphene oxide membranes

4.1 Graphene Oxide Membranes

The self-assembling sulfonated graphene oxide (SGO-X) membranes were
obtained with a sulfonation procedure based on a temperature-aided reaction
with sulfuric acid.

As already said, graphene oxide GO is the best candidate for the preparation of
self-standing membranes for PEMFCs. Thanks to its exceptional self-assembling
it can be easily processed into single or multilayer films, moreover, it presents
good mechanical and electrically insulating properties.

Innovative approaches involve the modification of GO flakes with the scope of
improving both ionic conductivity and structural cohesion. A particularly way to
follow consists in the addiction of some acid moieties more firmly bound to the
skeleton of GO, such as sulfonic acid ones (-SO3H) analogous to those of
Nafion®.

Sulfonation of GO methodology followed was given by Cheng et al. [70] with
some change to reach the formation of a self-standing membrane; sulfuric acid
was used as functionalizing agent also by Gahlot et al. [140] in combination with
chlorosulfonic acid, by Xu et al. [46] and Ayyaru et al. [141].

At the Department of Chemistry, Politecnico di Milano, the Mat4En2 group
created GO pure membrane and different SGO membranes varying the sulfuric
acid-to-GO molar ratios calculated by considering a rough estimate of the
molecular weight of GO (~ 35.3 g mol-1) , according to the procedure described
in the following sub-section [142].
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4.1.1 Materials and Methods for Membrane Manufacturing

The components used to produce the membranes are the following:

-A commercial water-based dispersion of GO (0.4 wt%).

-A durapore polyvinylidene fluoride (PVDF) filter disks (0.22 um pore size,
hydrophilic).

-Concentrated sulfuric acid (ACS reagent, 95.0-97.0%).

-Magnesium nitrate hexahydrate (Mg(NQs).:6H:0, ACS reagent, 99.0%).
-Sodium chloride (NaCl, ACS reagent, > 99.0%).

-Sodium hydroxide pellets (NaOH, ACS reagent, > 97.0%).

The procedure was as follows:

A beaker containing 25 mL of the dispersion(with 100 mg of GO) was submitted
to 1 h of an ultrasound bath to improve its homogeneity. To avoid an excessive
increase of temperature, ice was added to the bath. Afterwards, the dispersion
was filtered on a PVDF filter disk placed inside a Bichner funnel; after the
filtration process the funnel, separated from the flask, was placed in oven at
40 °C for a few hours, in order to dry the deposit and created the self-assemble
membrane.

In the case of sulfonated membranes, 25 mL of the GO dispersion was submitted
10 min of a slight ultrasound bath, also here ice was used to prevent overheating.
The selected amount of sulfuric acid was incorporated dropwise, so the solution
obtained was immersed into an oil bath, connected to a reflux condenser and
submitted to 3 h of magnetic stirring (850 rpm) at 25 °C (+ 2 °C) followed by 3 h
at 100 °C (+ 5 °C) in order to achieve an efficient mix between GO and sulfuric
acid and to let the functionalization take place. Afterwards, mixture was filtrated
and diluted, while filtering, with deionized water (300 mL) to increase its pH,
preventing damages to the vacuum pump due to acid vapors, and to perform a
soft washing of the product. At the end, the deposit was put in oven at 50 °C for
some hours, until the SGO membrane has been properly assembled on the PVDF
filter disk [142].
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4.2 Graphene Oxide Results

Table 4.1 shows the values of the contact angles measured on the graphene
oxide membranes. These manifest degradation with water as show in Figure 4.1
so it was possibly to acquire only 15 drop pictures to evaluate contact angles;
furthermore it was not possible to depose consecutive drops on the same point
because drops after the first are rapidly absorbed As it can be seen, all
membranes show a hydrophilic behavior with contact angle values less of 90°,
except the SGO-20 that shows hydrophobic contact angle values. With the
exception of SGO-1, an increasing trend is evident in the contact angle with the
increase of sulfuric acid-to-GO molar ratio.

Figure 4.1- example of membrane degradation. On the left: first drop deposed. On the right third drop
deposed: lower contact angle and membrane inclination at the extremity are evident.
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Table 4.1 - Contact angle values (MAPE and standard deviation) on graphene oxide membranes.
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Generally in the fuel cell where Nafion is used the formation of moist domains
supports the ions passege, so it needs to work in 100% humidity conditions. The
introduction of graphene oxide membranes comes from the idea to reduce the
humidity condition (ideally equal to 0%) in order to achieve a better design of
the fuel cell and to better manage water that comes from reaction. The fuel cell
functioning with these new membranes is not yet tested so making a conclusion
is now a “risk”. What we can state up to know is that a hydrophilic behavior is
requested, so GO, SGO-1, SGO-2.5 AND SGO-5 result to be promising future
membranes. In general more tests should be performed to verify and further
assess the results.
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Conclusions

The original scope of this work was to carry out a wettability analysis on
graphene oxide membranes used for fuel cells, performing the experimental
tests in the Thermo-fluid Dynamics Laboratory of the Department of Energy. Due
to the COVID19 pandemy, access to the laboratory was impossible and new, in-
house, setup had to be developed to use it during the lockdown.

Wettability analyses were conducted measuring the static contact angle, that is
a fundamental parameter for the characterization of surface, by means of the
Axisymmetric Drop Shape Analysis technique. The latter includes some process
parameters whose values must be selected by the operator and the results rely
on such choices. So an extensive sensitive analysis was conducted on the
technique to understand how the different parameters can affect measurement.
It was showed that the variation of the number of iterations in the fitting process
and the smoothing value for contour approximation lead to a really small
variation in the contact angle measurement. What influenced significantly the
measurement is the baseline value defined as the height at which the tracing of
the drop profile is stopped and at which the contact angle is calculated. A non-
correct evaluation of this, even in the order of +1 pixel, can bring an incorrect
contact angle valuation. Finally it was observed that with the increase of drop
picture resolution errors decrease. So it is important to acquire high resolution
images and to evaluate accurately the baseline value.

Concerning the in-house setup, it was built with everyday-use objects and tested
first of all with a series of measurements on home-made samples (both clean
and covered with limestone) and then with measurements for validation by re-
testing fuel cell surfaces for which previous measurements in the Polimi
laboratory had been done. Such tests evidenced that despite its obvious
limitations, the in-house setup was able to grant an accuracy comparable with
that of a common commercial contact angle meter.

From home-made samples we discovered that gel nail polish has an higher
contact angle respect common nail polish, so it can better resist to water and
degradation for women happiness. It was also surprising how limestone did not
bring a hydrophobic behavior to samples, as often reported in the literature.

Returning to the final scope of the work, sulfonated graphene oxide (SGO-X)
membranes produced by the Department of Chemistry, Materials and Chemical
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Engineering “Giulio Natta” were caracterized. All membranes showed a
hydrophilic behavior with contact angle values less of 90°, apart from the SGO-
20 that reaches a contact angle of 110°. It was also observed an increasing trend
of the angle with the increase of sulfuric acid-to-GO molar ratios. Generally
membranes show a water uptake attitude.

These, according to other evaluated properties, making them an attractive
candidate for future fuel cells with the possibility to work at reduced
humidification.
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Appendix A

Matlab process description

1. Preparation of the images

The procedure expects two imagines for each drop that must be analyzed,
respectively one with the drop itself and one of its background, this is useful for
a better fit of the drop especially for ones with not perfectly homogeneous
background. In the folder must be present sequentially one drop imagine and its
respective background, for all the drops to be analyzed. In case the background
is sufficiently homogeneous this step can be skipped.

2. Crop of the imagines

This step is suggested to reduce the weight of calculation. Drop take only a part
of the imagines and for this reason it is reasonable to consider only such part.
We use the following function:

M_imm_crop_rotate_scale_auto(car_noncar,car_iniz,car_iniz_new_name,x_sx,y_top,x_dx,y_bot,ang
le,scal e,type,quality)

where:

e Car_noncar : stands for the possibility to process imagines that start or
not with a character.

e Car_iniz : stands for the character of the imagines that must be
processed; generally is ‘D’ for the photos taken with a reflex camera.

e Car_iniz_new_name: it is the character that the software puts before the
imagine name when it saves the cropped image. Generally we use ‘k’;

e x_sx,y top, x_dx, y_bot :are the four coordinates in pixel respectively of
the upper left and lower right corners of the part of the imagine we want

to keep, all parts out of these coordinate are cut off;

e Angle, scale: angle of rotation and rescaling factor of the images;
generally we keep both at 0;

e Type:type of the imagine we want to save, generally we use ‘png’ format;
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e Quality: quality of the imagine, this is useful only for JPG saving, it can be
left at 100 for PNG.

3. Register the images and calculate the difference

The next step is to calculate the difference between the drop images and the
corresponding background images, cropped. In the case of images that are not
perfectly aligned, it is possible to register them first (i.e. realign them one to the
other). We use the following function:

MA_imm_reg_diff RGB_auto(car_noncar,car_iniz,reg,quota_reg,quota_cut,ordine)

where:

e Car_noncar: same of the previous step.
e Car_iniz: previously saved with the initial ‘k’;

e Reg: is the value that determinates if we want to register imagines; we
put O to avoid this passage as it is not needed for our images, that are
already well aligned.

e Quota_reg: indicates which part of the imagine we want to use for
registration, if we put the previous value to 0 we can use any value;
generally we put 1;

e Quota_cut: the quota below which the difference between the images is
automatically set to zero. It is used because, despite the attentions, if the
samples are "complex" there is no way to avoid non-zero differences
between image with and without drop (even only because of the shadow
of the drop or reflections). It is used also - especially for the case of
fabrics, etc. - to avoid disturbances from fibers etc. that protrudes from
the surface. The value is generally set above the minimum height at
which the drop appears;

e Ordine: 1 if in the directory list the image with the background comes
before the one with the drop, -1 if viceversa;
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4. Extract the drop profile from the difference images

At this point we extract the drop profile from the difference images. We use the
following function:

MB_ estrai_contorno_bwtraceboundary_auto(car_noncar,car_iniz,quota_cut,thresh_val,col)
where:

e (Car_noncar: ‘car’.
e Car_iniz: generally ‘d’.
e Quota cut: the same of the previous step.

e Thresh val:itis the threshold value used to binarize the difference image
by passing it from tones of gray to white / black. If the experimental
images are very well contrasted - as often in the fast camera images - a
value of 0.3 often works well.

e (Col: the color we use to draw the drop profile superposed to the original
images.

5. Fitthe Laplace-Young equation to the experimental boundary and determine
its angle of contact.

Finally we can make the fitting of the theoretical Laplace- Young equation
(2D version assuming the drop axisymmetric). All is made automatically using
the following function:

MC_DSA_contour_fit_Eo_auto(car_noncar,car_iniz,col_cont,col_cont_new_sx,col_cont_n
ew_dx,smooth,smooth_x_err,num_iter,fi_max,Eot,modo,ystop_px)

where:

e Car_noncar: ‘car’.
e Car_iniz: generally ‘c’;

e (ol cont: color used to design the drop profile. Same of the previous
step.
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e (ol cont_new_sx, col cont _new_dx : the colors used to trace the left
and right contours resulting from the L-Y fitting in the final image.

e Smooth, smooth_x_err, num_iter, fi_max, Eot, modo: input parameters
for the fitting procedure and can be typically left respectively at the
values of 0.05,0.05, 2500, pi, 0.5, 2.

e Ystop px: height at which the tracing of the drop profile is stopped and
at which the contact angle is calculated. It is the quota of the base
segment, lateral projection of the triple line. It is necessary to pay
attention in choosing this value because consistent errors can be make,
especially for condition of high hydrophobicity and hydrophilicity a single
pixel of difference can vary the contact angle measurement of various
degree.

The latter file creates a ‘LY...  imagine with graphical representation of result plus
two file texts with the value of contact angle and other parameters.
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Nomenclature

o (ory) Surface tension

K Interface curvature
Ri Ry Principal curvature radii of the surface

A Capillary length

g Acceleration gravity

AP Pressure difference
oLV Interfacial energy between liquid and vapor
OsL Interfacial energy between solid and liquid
Osv Interfacial energy between solid and vapor
Oy Young contact

Wis Work of adhesion

S Spreading coefficient
h Capillary height/ Capillary rise
o Liquid density
r Tube radius
0 Contact angle of the liquid on the tube surface.
Badv Advancing contact angle
Orec Receding contact angle
H Contact angle hysteresis
r Roughness parameter (r = Ar/An)
8" Equilibrium contact angle
At True surface area
An Nominal area
ew Apparent contact angle on the rough surface (Wenzel angle)
e¢ Cassie angle

0Y,0Y  Young’s contact angles respectively of thetwo components of
heterogeneous surface

f Fractional area of a component of the solid surface
fi, f2 Total areas of the solid—liquid interface and liquid—air interface

o¢B Cassie- Baxter contact angle

fs Fraction of the liquid base in contact with the solid surface

F Total force exerted on the plate

p Pressure

% Volume of the displaced liquid
Ap Density difference

r Capillary radius
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