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ABSTRACT: Porous solid films which promote large apparent contact angles are interesting systems
since the wetting properties are dependent on both surface structure and water penetration into the film.
In this study, a parahydrophobic coating is made by sequential dip-coating of titanium dioxide
nanoparticles and stearic acid on polished copper substrates. The apparent contact angles are determined
using the tilted plate method, and it is found that the liquid-vapor interaction decreases and water droplets
are more likely to move off the film when the number of coated layers increase. Interestingly, it is found
that under some conditions the front contact angle can be smaller than the back contact angle. Scanning
electron microscopy observations demonstrate that the coating process led to formation of hydrophilic
TiO2 nanoparticle domains and hydrophobic stearic acid flakes which allow heterogeneous wetting. By
monitoring electrical current through the water droplet to the copper substrate, it is found that the water
drops penetrate the coating layer to make direct contact with the copper surface with a time delay and
magnitude that depends on the coating thickness. This additional penetration of water into the porous film
enhances the adhesion of the droplet to the film and provides a clue to understand the contact angle

hysteresis.
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1. Introduction

Surfaces with different types of wettability can be created in a variety of manners [1], in many cases
inspired by Nature itself [2]. Surfaces which give rise to large apparent contact angle (>150%) and low
sliding angle (<10°) of water droplets are referred to as superhydrophobic and may be applied to self-
cleaning surfaces. Surfaces which exhibit large apparent contact angle and high sliding angles are referred

to as parahydrophobic [3,4], and may have importance in for example printing and liquid transfer [5].

Surface roughness plays an important role in wetting [6-8]. Large contact angles can be obtained using
hierarchical structures, with both micro and nanoscale features, were the surface energy has been lowered
by chemical agents [9-12]. Some of these chemical agents are highly effective, but they require much
energy to produce and their release into Nature should be avoided. For these reasons, there is ongoing
research to find solutions which have the smallest environmental footprint. Nanocoatings of TiOz or other
oxides onto rock allows one to obtain controllable oleophobicity and hydrophilicity [13,14]. Amongst the
available environmentally friendly materials for lowering the surface energy, it appears that stearic acid
has gained popularity as a cost-effective and biocompatible choice. Stearic acid can be applied to different
engineering materials [15-20] and nanostructured surfaces [21] for obtaining surfaces with large apparent
contact angle (>150°) and variable sliding angle. A system of stearic acid and either Al,O3, TiO: or SiO2
appears attractive, since these particles are readily available and applicable to a range of materials. Recent
studies have demonstrated that dip coating layers of Al2O3 nanoparticles and stearic acids provide large
contact angle surfaces which protect wood from water [22], while TiO, nanoparticles combined with
stearic acid may provide stable hydrophobic coating also on cloth fibers [23,24]. However, further studies
are needed to understand how simple and economical methods, such as dip coating, can be used to obtain

parahydrophobic surfaces.

For strongly adhering droplets, contact angle hysteresis plays and important role, and has been reviewed
in recent reports [25,26]. Contact angle hysteresis measurements often start by deposition of a droplet on

the surface of interest, and then injecting volume until the contact line just starts to advance. This is called



the advancing contact angle. A similar reduction of volume of a deposited droplet allows one to find the
receding contact angle. The difference between the advancing and receding contact angles is often called
contact angle hysteresis. Another technique for finding the contact angle hysteresis uses the tilted plate
method [27-29]. Here, the droplet is tilted until the gravitational pull becomes so large that the droplet
slides or rolls off the sample surface. Just when this happens, one records the contact angle of the front
and back of the droplet (advancing and receding contact lines) and call the difference between them
contact angle hysteresis. Since both methods typically rely on optical imaging where the microscopic
features of the water surface are not observed directly, both these methods result in apparent contact
angles, and therefore apparent contact angle hysteresis as discussed in Ref. [25]. However, the two
techniques are also accessing different information about the surface, as they use different deposition
methods (injection versus tilting) and different forces (pressure due to volume injection versus droplet
deformation due to tilting) to create droplet motion. Moreover, if the water droplets are exposed to large
adhesion forces one may not be able to move the droplets off the surface at all. The droplets may interact
with not only the upper surface, but also penetrate into pores if these are accessible, thus controlling the

adhesion as well.

In the current study, we used the tilted plate method to determine the contact angle. In this method, the
tilting causes the gravitational force to change direction relative to the coating surface, thus altering ability
to penetrate into the porous network in the front and the back of the droplet. This is highly advantageous
if one is interested in observing the hysteretic behavior of the water drop on the porous coating, and allows
one to interpret the liquid-vapor interaction in a manner inaccessible to volume-injection techniques.
Furthermore, the tilted plate method avoids the difficulty of interpreting results related to volume rate-
dependent penetration of droplets into the network that would be the result if one were to obtain the
advancing and receding contact angles using volume injections. By complementing the contact angle
measurements with electrical current measurements through the porous network, it is studied how the

water penetrates the coating layer to make direct contact with the copper surface and how this process



depends on the number of coating layers used. This combination of measurement techniques allows one
to obtain a better understanding of the correlation between the wetting and water penetration, and may

guide more precise designs of coatings which retain and transfer water in the form of droplets.

2. Materials and methods

Materials: TiO> nanoparticles (718467-100G, Lot # MKBL0267V), stearic acid (reagent grade, 95%,
175366-1KG, Lot # MKBX7640V) and methanol (puriss, 32213-1L Lot# SZBA2440V) were purchased
from Sigma Aldrich. As substrates, 0.5 mm thick copper plates were used. The copper surface was
polished with silicon carbide abrasive paper of grit size P1200, thus generating surface roughness mean

size of about 15 pum.

Preparation of layered film: Two solutions for the dipcoating was prepared. First, 20 mM stearic acid
was prepared in methanol under vigorous stirring until all the solid dissolved in a glass container.
Secondly, 0.2 g TiO2 nanoparticles was dispersed in 10 mL methanol and placed in a heated water bath
and ultrasonicated for 30 min in a second container. The experimental procedure for creating the layered
films is summarized in Fig. 1. First, the polished copper substrate is submerged in the solution
containing TiO2 nanoparticles for 30 seconds and subsequently air-dried until the surface appeared
entirely dry (about 5 min). Next, the nanoparticle-coated copper surface was immersed in stearic acid,
and subsequently dried (about 5 min). In this way one layer (N=1) of coating composed of nanoparticles
and stearic acid was created. The procedure was repeated for N=1, 2, 3, 5 and 7 layers. All surfaces
studied here were terminated by stearic acid dip coating in order to ensure that the surface had large
contact angle. All coating procedures and subsequent characterization has been conducted in ambient air

and room temperature (between 19 and 22 °C).



TiO2 nanoparticles (30 seconds)

Stearic acid (30 seconds)

Dry

Figure 1. Experimental procedure for dip coating the polished copper samples.

Scanning Electron Microscopy: The surface morphology and to some extent the topography of the
samples was investigated using Scanning Electron Microscopy (Raith eLine). SEM images of the samples
were captured from directly above, and the system was optimized for reduced sample charging during
imaging [30]. Typical images of an N=5 layer structure, obtained using acceleration voltage 10 kV, are
shown in fig. 2. From Fig. 2 b) and similar figures it was found that the diameter of the TiO> particles was
34 £+ 15 nm, which is within the range (mean diameter 21 nm) given by the manufacturer. Further SEM
images of the film structure, TiO> nanoparticle and stearic acid domains are given for N=1,3,5 and 7 in

Figs. S1, S2 and S3 in the supplementary material.



Figure 2. SEM images of the TiO2+stearic acid structure (with N=5 layers). The stearic
acid is seen as thin flakes in the micrographs, perhaps most clearly in d). The scalebar in

a) is 200 um, whereas in b) and c) it is 200 nm and in d) 20 pm.

Contact angle measurements: The wetting of nanostructured films by deionized water drops (Millipore,
18.2 MQcm) was studied using an OCA 20L contact angle measurement system in a tilted plate mode.
The tilted plate method allows one to record contact angles of a droplet deposited on a surface tilted such
that it is no longer aligned perpendicular to the gravitational field, thus allowing one to obtain information
about drop retention [27,28]. It is known that the particular droplet deposition method may influence the
results of a tilted plate experiment, and the observed maximum and minimum observed contact angles do
not necessarily represent the advancing and receding angles [28]. However, the tilted plate method does
give a better understanding of actual retention of a drop on a surface and is therefore favorable for some
practical applications where large contact angle hysteresis is present. In the current study, a syringe was

placed close to the horizontally aligned surface and drops of volume 5 pL were gently placed in contact



with the surface. Due to the vertical droplet-surface attraction, the drops would adhere to the surface. A
motor was used to slowly change the tilt angle, and a camera system recorded images of the water droplets.
The camera software allows one to extract the contact angle of the back (left) and front (right) parts of the

droplets, see Fig. 3.

Figure 3. A 5 pL water drop on a 5-layered structure for tilting angles a=0° (a) and a=90° (b).

The sequence and time used for the tilting plate experiment was kept the same in every experiment. The
substrate was tilted gradually while recording the contact angles on the left and right sides, until the tilting
angle reached a=90°. An example of this is seen in fig. 3 b), where the contact angle on the back side (left
hand side) is 0, =108°, whereas that on the front side (right hand side) is 8r=160°. When the tilting angle
has reached a=90°, it is again gradually returned to a=0° while continuing to record the left and right
contact angles. Figure 3 a) shows a typical image of the droplet when the stage first was tilted to an angle
0=90° and then back again to a=0°. Here the contact angle on the back side (left hand side) is O, = 157°,
whereas that on the front side (right hand side) is 0=151°. Different values for the back and front contact
angles at a=0° is due to local environment at the particular position of the contact line perimeter and will

be considered in more detail later.



The whole procedure measuring contact angles took much less time than that required to evaporate the
drop (i.e. the drop diameter changed by maximum a few percent). For each drop, the measurements were
repeated a second time at the same location to improve the measurement statistics. Moreover, additional

measurements were carried out on at least three different locations on each sample.

Electrical characterization: The penetration of water through the nanostructured films was monitored
using current transients. A drop of volume about 100 puL was placed on top of the polished copper
substrate coated with TiO; and stearic acid. A copper surface with coating connected to a micrometer
screw stage approached from above to touch the upper cap of the water drop in the same position every
time. Current transients were recorded with a water droplet resting on a bare copper electrode, before and
after the other copper electrode coated with TiO; and stearic acid approached from above to contact the
droplet. The voltage was maintained at 0.5 V, while the current transient was monitored by a Keithley

6514 current measurement system. A schematic drawing of the experimental setup is shown in Fig. 4.

Figure 4. Schematic drawing of setup for electrical measurements of water penetration

through the coating.



3. Contact angle hysteresis

It is well-known in the literature that the advancing and receding contact angles may differ from the
measured front and rear contact angles [25,28]. Receding of contact angles on microscale well-defined
[31] and irregular structures [32] have revealed that stepwise depinning plays a major role in the dynamics
of wetting. Many studies have been undertaken to investigate wetting on rough heterogenous surfaces,

where the perhaps most known theories are related to Cassie and Wenzel’s laws [6-8,33,34].

Here, we will adopt a modification of the force-balance-approach considered in refs. [35,36], wherein one
despite the heterogeneity and microscopic surface roughness assume average forces as seen in fig. 5. For
simplicity, one distinguishes between the back and forth of the water drop, since here the friction force
working against gravity must point out of and into the drop, respectively. At any instant, the average

apparent contact angle of the back part of the droplet is 6y, whereas that of the front part is 6r, see fig. 5.

, :
Fy pVgsina

_——~

Figure 5. Schematic drawing of the external forces acting on a tilted drop. See text for

explanation.



For the backside of the water drop on a surface, there are three forces at the three-phase contact line,
namely the force due to solid-vapor interaction (Fsw), the force due to solid-liquid interaction (Fsib), and
the force due to liquid-vapor interaction (Fi). For a drop at rest when the tilt angle is a=0, one has
Fsw=Fsib+Fivc0S0p, as required by balancing the forces. Tilting may or may not result in spatial shifting of
the contact line, with or without depinning. In any case, the solid-liquid force (Fsib), the solid-vapor force
(Fswb) and the contact angle 6, may change. For the front part of the contact line, the average solid-liquid
force (Fsir), the solid-vapor force (Fsv) and the contact angle 6+ may also change when the droplet is tilted.
However, we will here make the simplifying assumption that the liquid-vapor interaction force (Fi)
remains unchanged for both the front and back parts of the contact line during tilting. While this
assumption appears reasonable if one assumes that the solid surface does not influence the liquid-vapor

interactions, its verification through studies of microscopic details is outside the scope of the current study.

Using the forces drawn in fig. 5 and Newtons 2" law, the friction force is balanced against the
gravitational force parallel to the coating, pVgsina, such that
__ pVgsina | AF (l)

cosBy, — cosby = - + ™ ,
v v

where AF=(Fsvi-Fsvb)+(Fsib-Fsif) is @ measure of the difference in solid-vapor and solid-liquid forces
between the front and the back of the drop for a given tilt angle o.. The information about roughness is
hidden within Fyy and AF, and will not be considered explicitly here since we do not have available an
instrument to accurately distinguish the contact line in contact with either air or solid on a microscopic
scale. Clearly, the approach given here assumes averaging over the contact line perimeter for the front
and back parts of the drop. In principle, AF may depend on the tilt angle, but it may also depend on the

particular position on the substrate. However, if the contact line perimeter samples enough positions on

the substrate, one could regard AF as some sort of average which may only depend weakly on the tilt
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angle and position on the substrate. A plot of the measurable quantity cos6s - cosOy versus sina then allows

one to extract the two parameters Fiy and AF.
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Figure 6. The contact angle hysteresis curve for a pure stearic acid coating. In a), the
back (O - triangles) and front (6 - circles) contact angles are shown as a function of tilt
angle (a). In b), cos6r - cosOy is plotted versus sina (squares), and the dashed and dash-

dotted lines are fit to the experimental data. See text for details.

An example of experimental data showing 6+ (circles) and 6y (triangles) as a function of the stage tilt angle
is shown in Fig. 6 a) for a single layer of stearic acid. Here, the polished copper surface was dipped in
stearic acid for 30 sec and dried, and since the coating is very thin it appears to be of comparable roughness
to that of the bare copper substrate. The resulting coating is hydrophobic. From the data it is found that
the initial contact angles at oo = 0° are 8¢ = 0y = 120 £ 2°, while the maximum difference in front and back

contact angles is AO =29 + 3° at o = 90°. The advantage of representing the contact angle versus tilt as in
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fig. 6 for hysteretic samples is twofold. First, it gives a visual impression of the initial and final contact
angles and whether they are equal. The opening of the hysteresis ‘eye’ is a statement about the maximum
difference in contact angles, thus indicating how well the droplets adhere to the sample. The skewness of

the graph indicates how much the contact angles have changed while the droplets are tilted.

Figure 6 b) shows a plot of cos6r - cosOy versus sina. A linear fit starting from the origin (A=0) is shown
as a dash-dotted brown line with pVg/Fiv=0.46, and provides the best fit for the data when the tilt angle
changes from o= 0° to o = 90°. Here p=1000 kg/m?, V=5 pL and g=9.8 N/kg, such that the gravity acting
on a5 uL drop is pVVg=49 uN. From fig. 6 a) it is clear that the back and front contact angles are not the
same when the tilt angle once more goes back to zero, such that one has A#0. The dashed line in Fig. 6
b) is a fit to these latter experimental data assuming AF/Fy =0.1 and pVg/Fin=0.34. These data suggest
that the liquid-vapor force Fyy is 2-3 times larger than gravity, and that the difference in solid-vapor and
solid-liquid forces between the front and the back of the drop is about one-tenth of the liquid-vapor force
for a pure stearic acid coating. The fact that O ~ 6¢ before the tilting experiment starts (o« = 0°) may
indicate that the wetting properties are rather similar on both sides of the droplets, at least for the
deposition method used here wherein the droplet is gently deposited vertically down on the substrate.
However, after tilting the stage to o = 90°, one observes that 6s > 6, when one tilts back to o = 0°. This
is possibly due to gravity-induced rearrangement of the contact line into (pinned) metastable states as
discussed in for example Ref. [4]. This observation also appears to agree with a recent study, emphasizing

the entropic contribution favoring larger advancing than receding angles [37].
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Figure 7. The contact angle hysteresis curve for N=1 layer of TiOx+stearic acid for three
different SuL droplets taken on 3 different locations for each of the samples (a). In a), the
back (O» — lower data points) and front (0r — upper data points) contact angles are shown
as a function of tilt angle (a). Here M1 represent measurement series 1, M2 measurement
series 2 and M3 measurement series 3, and the corresponding symbols (blue triangle,
green circle and red square) are used in both a) and b). In b), cos6s - cos6y is plotted
versus sina for the data seen in a), and the dashed line is a fit of eq. (1) to the

experimental data. See text for details.
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Figure 7 a) shows the front and back contact angles as function of tilt angles for N=1 layer of TiO,+stearic
acid for three different SuL droplets taken on 3 different locations for each of the samples. It is observed
that the initial contact angles are about 150°, while the maximum difference in contact angle is AQ =59 +
5°. Figure 7 b) shows a plot of cos6s - cosOy versus sina. for all the data in Fig. 7 a), while the dashed line
isafit of eq. (1) to the data using AF/Fi =-0.05 and pVg/Fi=0.64. The liquid-vapor force Fi, has decreased
to about 1.5 times the gravity, whereas AF, the difference in solid-vapor and solid-liquid forces between

the front and the back of the drop, has switched sign as compared for a pure stearic acid.

For coatings made of pure stearic acid (fig. 6), N=1 (fig. 7) and N=2 layers (not shown), the 5 uL water
droplets never moved off the surface for any tilting angle, which means that the friction force is able to
be at least as large as the gravitational pull on the droplet, i.e. pVg=49 uN. However, for N equal to 5 or
larger, this situation changed. Figure S4 a) in the supporting information shows the front and back contact
angles as function of tilt angles for N=5 with four different droplets located at different positions. It is
seen that two of the 5 uL droplets roll off, whereas two of them remain pinned at any angle o. In Fig. S4
b) a plot of coss - cosOy versus sina. is presented. The dashed line is a fit of eq. (1) to the data using AF/Fi
=-0.04 and pVg/Fin=0.67. The liquid-vapor force F is also here about 1.5 times the gravity, and the
difference in solid-vapor and solid-liquid forces between the front and the back of the drop has opposite

sign as compared for a pure stearic acid.

We have done measurements also for additional layers of coatings up to N=7 layers, and presented all the
extracted values of pVg/F in fig. 8 a). It appears that the liquid-vapor force Fi decreases from >2pVg
for a pure stearic acid layer to about 1.3pVg for N=7. If one sets Fiv=wy [27,36], with w an effective
contact line length and yiv the liquid surface tension, the decrease in Fiy can be interpreted as a reduction
in the effective contact line. This is not surprising, since while for a pure stearic acid coating the static

contact angle is about 120°, adding layers of TiO2 result in contact angles of the order of 150° and
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therefore a reduced contact line length. For pure stearic acid surfaces cos6, - cosfs >1, such that the 6f
> 0. For coatings with N>1, AF/Fyy remains between -0.03 and -0.05 for N>1, and is therefore not seen
to vary much. Since the negative AF, corresponding to 6r < 6y, is observed in all measurements for all
N>1 when a—0°, it appears that this is not only a coincidence due to the particular optical perspective
used when observing the droplets. A full three-dimensional tomographic profile would indeed be helpful,
but such a study is outside the scope of this work. Moreover, it does not explain that AF<0 when a—0°

for the experiments on coated layers with N>1, while AF>0 for stearic acid.
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Figure 8. The ratio between gravity and liquid-vapor force (pVg/Fiv) versus number of layers N (a).
Here N=0 represent pure stearic acid. In b), the maximum difference in contact angle between front and
back of a droplet for different layer thicknesses is shown. For each N, 5 measurements are reported,

where some data points cannot be distinguished since they overlap.
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It has been argued that a deposited droplet which is moved or vibrated will find a metastable contact angle
not too far from equilibrium [26]. However, one might then expect a distribution of contact angles, and
not the same sign of AF for every experiment. Recent theoretical analysis suggests that the advancing
contact angle is always larger than the receding angle due to an entropic contribution [37]. However, it is
not clear whether the conditions required in ref. [37] are fulfilled in the current experimental situation,
since the contact line is trapped by the porous hydrophilic structure when a—0°, and further theoretical
investigations are needed to illuminate this issue. The reason for the switch from AF>0 when a—0° for
pure stearic acid to AF<0 for a coating with N>1 must somehow be related to the increased hydrophilicity
and trapping that occurs when the oxide nanostructures are added, such that the front and back contact
angles are trapped at 6 < Op when a—0°. Further investigations on how the water penetrates into the

coating is therefore needed, and detailed in the next section.

The data in Fig. 8 a) can also be put in connection with the observation shown in Fig. S4 a) that while
some droplets stick to the surface and never move off (blue/red data points), others move off at tilt angles
of about 60° (light green lines and dark green circles in Fig. S4 a)). When this happens, the maximum
difference back and front contact angles is about 50°. Figure 8 b) shows the measured maximum
difference in back and front contact angles, A6, for different number of layers N. Each data point
represents the value of AB found for an experiment similar to those in figs. 7 a) and S4 a), and 5
measurements are reported for each N. For example, for N=3, 5 different experiments are presented in
fig. 8 b), and the measured A6 took on values between 30 and 70°. For N=1 one finds A6 to vary between
50° and 70°, whereas for N=7 the variation is between 5° and 65° for the 5 different measurements. For
reference, pure stearic acid coating (N=0) has AO =25 + 5°, and 5 uL droplets do not move off the film at
any tilt angle a.. However, a pure stearic acid coating may not be a suitable comparison when it comes to
A®, since there are no TiO2 nanostructures or heterogeneities, and has therefore not been included in Fig.

8 b).
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The increase in variation in A6 with number of coating layers as seen in Fig. 8 b) is accompanied by a
reduced liquid-vapor force as seen in Fig. 8 a). However, also the possibility that the water drop may
move off the surface increases with N. While N=1 and N=2 does not result in any droplets moving off the
coating for any a, for N=7 the lowest roll-off angle of the droplets is a~15°. These observations are not
surprising if the liquid-vapor force Fi, and therefore also the effective contact line width w decreases as

more coating layers are added.

Substrates with large adhesion most often exhibit large contact angle hysteresis, and this phenomenon has
been studied extensively [38-45]. In our system, the surface coating is composed of small hydrophilic
nanoparticles and larger stearic acid flakes, where we aim to obtain new understanding of how the water
penetrates the porous hydrophilic regions to make direct contact with the copper surface. On a
macroscopic scale, the coatings with different N appear parahydrophobic in the sense discussed in Ref.
[4]. We noted that the droplets in our experiments in some cases did not move entirely off the surface, but
merely moved a distance ranging from a few micrometers up to a centimeter before again coming to rest.
The reason for this behavior is most likely found in the heterogeneity present on the surface, as seen in
Fig. 2 and also in Fig. S1 and S2 in the supplementary information. Here it is seen that the surface with
domains of hydrophilic TiO2 nanoparticles are only partially covered by flakes of stearic acid. The
domains of TiO2 nanoparticles appear to be not well coated by stearic acid, i.e. there is a nano and
microscale separation of hydrophilic and hydrophobic regions. The large contact angle is caused by the
low surface energy of the stearic acid flakes, on which the three-phase contact line resides. The TiO>
nanoparticle domain probably allow pinning of the contact line and prevent the droplets from moving off

the surface.

Further elemental analysis using SEM-EDX are presented in Figs. 9 and S3 (supplementary information)

for N=3 and N=5 layers respectively. It is observed that the carbon content associated with stearic acid is
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relatively well distributed at N=3 as seen in Fig. 9 b), whereas the for N=5 it is more localized as observed
from Fig. S3 b). The uniformity of carbon content for small N suggests that a thin layer of stearic acid is
forming each time the substrate is dipped in this stearic acid, thus promoting large contact angles even at
small N. However, for larger N more stearic acid flakes form, like those seen in fig. 2, and the EDX-signal
from these probably overcome the signal from the uniform thin layer of stearic acid, therefore monitoring

only the localized build-up of stearic acid flakes.

Figure 9. SEM EDX images of the TiO2+stearic acid structure with N=3 layers.

a) is the total image, b) carbon, c) titanium and d) oxygen.

The titanium content associated with TiO2 also becomes more uniformly distributed as the number of
layers increase, as seen by comparing Figs. 9 ¢) and S3 c), which is reasonable as the density and
uniformity of these nanoparticles increase when more layers are added. These observations may give
further meaning to the wetting measurements above. For small N the droplets adhere to the surface and

exhibit relatively large Fiv and possibly a larger contact line perimeter, similar to the case of pure stearic
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acid. However, for larger N, the TiO particles become more well-distributed, thus creating nanostructures
that allow a thin stearic acid layer to form irregular films of high contact angle and gradually less contact
area for the water drop to adhere to. Therefore, the water drops may more easily move off the film when

tilting occurs.

The separation of stearic acid flakes and TiO2 nanoparticles may also be a clue to explaining why the
coatings remain stable over the time of the experiment. In fact, they were stored indoors for weeks before
the experiments and the scanning electron microscope measurements without any apparent decline of the
stearic acid flakes or alteration of wetting properties. It is well known that TiO2 nanoparticles act as
efficient photocatalytic agents in ultraviolet light [46,47]. Since the films used here were stored indoors
under normal office and sunlight (through glass windows) conditions, they were exposed to some
ultraviolet light, although no particular care was taken to measure how much. For degradation of stearic
acid to occur via photocatalysis by TiO2 nanoparticles, efficient transport of holes and electrons is needed.
However, according to Figs. 2 and S3 (supplementary information) the nanoparticles are separated from
the majority of the stearic acid domains, and no such efficient transport mechanisms appear to be

available.

4. Electrical characterization of water penetration

Electrical transient current curves at constant potential were then recorded to shed further light on the
initial contact between water and underlying copper surface. For the system studied here, is not possible
to easily and accurately observe the water front penetrating the coating of TiO2 nanoparticles and stearic
acid on a copper surface using optical methods, since copper is not transparent and optical imaging
through a curved water droplet surface (since the contact angle is very large) gives images of poor
quality. However, the precise occurrence of electrical contact can be time-resolved by electrical

characterization.
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Figures 4 and 10 show the geometry used, where a 100 uL drop is resting on a bare, polished copper
surface and then just brought in contact with a copper surface coated with stearic acid and TiO>
nanoparticles. In this two-electrode configuration, the potential difference is maintained at V=0.5V,

while the current transient is measured, see Fig. 10 c).

10 20 30 40
t(s)

Figure 10. A droplet being squeezed between a bare copper electrode (lower) and a copper electrode
coated with N=2 layers of TiO+stearic acid (upper), during a current transient (a) and upon withdrawal
(b) after the experiment was completed. The current transients for a constant voltage of 0.5 V is shown
for N=0 (blue), N=1 (green), N=2 (orange) and N=5 (red) in figure c). The dashed lines show fits to the

experimental data as described in the text.

The lower electrode with the droplet resting on top was moved gradually such that it contacted the
coated upper electrode. For each experiment, the stage was moved the same distance such that the
current transient running through the electrodes did not change significantly upon repetition of the

experiment (which was done at least three times for each sample). Using bare copper surfaces on both
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electrodes, the current first quickly increased in about 0.2 s to -1.4 pA due to initiation of the redox
reaction at the copper surface, see the blue curve in Fig. 10 c). Subsequently, the current decreased with
time. A similar behavior is seen when the upper electrode is coated with N=1 layers of TiO, and stearic
acid (green line), but now it took 0.8 s to reach the peak at about -0.7 pA before a decaying current
transient was observed. For N=2 (orange line) and N=5 (red line) there was no peak, but rather a
monotonous increase in current towards saturation. The time it takes to reach a quasi-equilibrium
indicates that the layers of TiO and stearic acid form a network which the water must penetrate in order
to reach the copper surface. Note also that a small dip in current on the order of 10-100 nA was
observed for all layers almost immediately after contact between droplet and coating, which could either
be due to a nearly instant contact electrification of the coating or that it takes very short time for some
small amount of the water to penetrate the thickness of the thin coating and down to the copper surface
such that electrical contact is initiated. The initial water column connecting the copper electrodes
through the layers of TiO, and stearic acid is believed to spread radially outwards in a nearly cylindrical

geometry due to capillary pressure in the coating pores.

A simplified model for the current is set up by first assuming that the redox-reaction needed for
nucleation happens very quickly [48], typically less than a second, such that the decay of the current
seen for bare copper in Fig. 10 is due to the gradual depletion of ions from the water columns of the
droplets. By subsequently assuming that the kinetics of the radial water movement is governed by a
combination of capillary dynamics and evaporation [49-52], one obtains the following equation for the
electrical current through the copper as a function of time (see the supplementing information for a

detailed derivation)

I(t) = mct (]0 + :—ze_t/m) (1—e2/t) . 2)
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Here, c=kAp/ud, k is the permeability (scaling with the pore size), u is the viscosity of water, ¢ the
porosity and Ap is the capillary pressure. The time constant t=hpd/mey expresses the time taken to reach
the radial limit of the water penetration, p is the mass density, where h is the coating film thickness and
Meyv the evaporation rate per area. Moreover, ta is a measure of the time required for the ions to drift
from the water drop reservoir to the copper surface, and Jo is a constant that is a measure of the charge
flux that becomes available as new copper surface area is created.

It must be emphasized that eq. (2) is only a simple approximation for the short-time current transients
analyzed here, and that long-time transients may show an increase in current due to further creation of
new area, droplet depinning, delayed redox-reactions, etc. The blue curve in Fig. 10 c) shows the current
density on a bare copper surface. When fitting theory to the experimental data one assumes that the
radius of the water in contact with copper remains constant during the experiment. The corresponding
black dashed curve is a fit to the experimental data with Jortro?=-0.4 pA, mro’co/ta=-0.9 pA and ta=5s.

These fitted parameters are in this study only used as reference when analyzing the coatings.

For a coating with N>1 layers, r(t) is no longer constant and eq. (2) can be used directly. Note that the
time constant ta is assumed independent of the coating and therefore remains the same as for bare
copper. In Fig. 10 c), the black dashed line fitted to the data for N=1 (green line) corresponds to ct
=0.5r¢2 and 1=0.5 s, the black dashed line fitted to the data for N=2 (yellow line) corresponds to ct
=0.2ro%and t=20 s, whereas the black dashed line fitted to the data for N=5 (red line) corresponds to

ct=0.1r¢% and t=20 s.

The increase in characteristic time t with film thickness (h) is expected as the number of layers (N)
grow, which is observed as one goes from N=1 to N=2 but not from N=2 to N=5. On the other hand, ct

decreases from 0.5rq? to 0.1r¢? as the number of layers increase from N=1 to N=5, thus reflecting the

corresponding decrease in current with thicker coatings. This may be related to a reduction in
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permeability or increase in evaporation rate as the thickness increases. The simple model provided here
gives an explanation for the absence of current peaks as the number of coating layers increase. Instead,
one observes a gradual increase in the current until it reaches a temporary peak, since the time scale of

water displacement due to the gradual increase of r(t) is longer than that of the fast transients.

The data in Figs. 8 a) and fig. 10 ¢) may provide an explanation why A6 in Fig. 8 b) shows greater
variability and it is easier for small water drops to move off the coating as the number of coating layers
increases. First, Fig. 8 a) suggests that the liquid-vapor force decreases when the number N increases.
According to the electrical current measurements above, the maximum radius (proportional to the
square root of ct) decreases as N increases, which means that there is less contact between the
hydrophilic copper surface and water, caused by increased evaporation and physical barriers for water
penetration through the thicker coatings. This may suggest that there are fewer adhesion points for the
capillary water bridges, thus not allowing the water droplet to get a strong adhesion hold into the porous
matrix and the copper surface. The adhesion is therefore smaller for larger number of coating layers,

leading to the observations seen in Fig. 8.

We believe that the observations in Figs. 3, 8 and 10 together also provide a clue as to why AF is
negative (0f < Op) for all N>1 when a—0°, but not for stearic acid. During the tilt when a—90°, the
front has a very large contact angle 6f, such that more water is directly located above the coating in this
position as seen in Fig. 3 b). Water penetrates into the nanostructured coating in front of the droplet, and
becomes partially stuck and to varying degree contacts the copper surface directly. When the stage is
tilted back to start such that a—0°, the water that is stuck in the nanostructured coating is pinned, such
that contact line remains fixed and thereby stretches the local droplet surface. The back side of the
droplet does not experience the same stretching, since here 6y is much closer to 90°, which means that

the local pressure on the water to the left of the droplet into the porous network is smaller. The

23



corresponding contact angle O is therefore smaller than 6, when the plate again is approaching its

horizontal position such that a—0°.

The method featured here could be used to design coatings which allow almost spherical droplets to sit
on surface and at the same time transfer water to the underlying surface, which may have applications in
water harvesting or guidance of flow in microfluidic systems [3]. Ideally, the porous network should be
able to transport the water as efficiently as possible. In our system this is taken care of by the TiO>
nanoparticles, although the manner in which we let them self-assemble with stearic acid was not
particularly optimized for fast fluid transport. At the same time, one would also like the underlying
substrate to be strongly hydrophilic and to be able to contact the water as easily as possible. A drawback
of the combination of TiO> nanoparticles and stearic acid used here is that the stearic acid has a low
melting point (69 °C) and the entire coating is not very resistant to mechanical abrasion. Thus, one must
search for more robust coatings for applications in harsh environments, but this is outside the scope of

the current work.

5. Conclusion

We have created thin films with large apparent static contact angles by dip-coating polished copper in
solutions of TiO2 nanoparticles and terminated by stearic acid. The contact angle is studied using the
tilted plate method. It is found that contact angles of horizontal water droplets at rest is about 150°, and
that for layers of coating the droplets do not detach from the surface when tilted. When the number of
coating layers increase, there adhesion to the surface diminishes, and there is a probability that the water
droplets move off the surface. At the same time, it is also found that the liquid-vapor force is reduced,
and that the front contact angle is larger than the back contact angle when the plate is tilted back into its
original position. This was attributed to the formation of regions of TiO> and stearic acid nano and
microstructures, as observed by scanning electron microscopy. Elemental analysis shows that the stearic

acid forms a thin layer over the entire surface, but that as the number of coating layers are added there
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are pronounced stearic acid flakes. Further electrical characterization demonstrates that the thinnest
layers allow the water droplet to make quick contact with the underlying copper surface, whereas the
process is slower and more limited for the coatings with many layers. These observations suggest that
the adhesion of water drops to the thin coatings is enhanced by the liquid penetration into the porous
network. Large adhesion appears to correlate with the ability of water to penetrate into the porous
network to make contact with the underlying hydrophilic copper substrate. As the number of coating
layers increase, the amount of water coming in contact with the copper is reduced, which may explain
the reduced adhesion of water droplets observed in such situations. The experimental observations also
suggest that the contact angle history is determined by the way the droplet is tilted, and results in
asymmetric droplets when again put on a horizontal surface.

Our study demonstrates that porous solid films are interesting systems for controlling wetting properties
depending on the manner in which the liquid penetrates into solid network, and the methods used here

may find applications in studying such films.
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