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Abstract
Organically modified silica gels that show melting gel behavior were coated on sand-blasted steel substrates. The gel
surfaces were patterned using silicone rubber molds and nickel mesh. Grooved and hexagonally imprinted surfaces were
compared to an unpatterned substrate for their ability to condense water from water vapor in humid air. The patterns of
vertical lines were best able to condense the vapor in a way that lead to more liquid water collection per area. The motivation
for studying patterned surfaces is to find ways to extend water harvesting capabilities in regions of low humidity.

Graphical Abstract
Sand-blasted steel substrate with melting gel coating, imprinted with vertical line pattern, showing water droplet formation
when exposed to steam at an angle of 59°.

Keywords Melting gels ● Melting gel coatings ● Hydrophobic surfaces ● Imprinted gels ● Water harvesting

Highlights
● The surfaces of sand-blasted steel substrates have been patterned using melting gel coatings.
● Patterns of vertical lines in melting gels are capable of condensing water droplets from water vapor.
● Phenyl-modified melting gels can be patterned using silicone rubber molds with good fidelity.

1 Introduction

Lack of access to clean water is a leading cause of death,
especially in dry areas, where rain and other sources of
water are scarce. Only 3% of accessible water on earth is
considered potable water. To increase supplies of clean
water, one approach is the harvesting of atmospheric
moisture. This can be done in small-scale projects instead of
large-scale projects, which tend to have high costs asso-
ciated with installation [1]. Atmospheric water harvesting is
an alternative to filtration [2]. In this regard, melting gels
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have the distinct advantage among hybrid gel coatings that
allows them to be patterned after the coating is in place.
Also, melting gels, being hybrid gels, have surface energies
that can be modified from hydrophobic to hydrophilic.
Together the ability to pattern and the ability to adjust
surface energy make melting gels candidate coatings for
water harvesting.

Recently, there has been renewed interest in small scale
projects for water harvesting. A reasonable goal for 1 square
meter of collecting area is about 3.6 liters per hour. This
collection rate is able to support one person. It is found that the
efficiency of the water collection process is improved by using
inclined patterned surfaces to facilitate water droplet formation
[3, 4]. As the inclination increases, the droplets slide down
faster, which increases the rate of water collection [5].

A crucial factor to consider when condensing water from
the atmosphere is whether it condenses as a film or as
droplets. In film-wise condensation, the surface over which
water vapor condenses is hydrophilic. This film grows in
thickness as it moves down the substrate, increasing the
thermal resistance to heat transfer. This is shown schema-
tically in Fig. 1. The latent heat is then transferred through
the substrate, which reduces the rate that the water vapor
condenses. The drops are not heavy enough to coalesce, so
they stay in place until they eventually evaporate [5]. On the
other hand, dropwise condensation usually occurs on
hydrophobic surfaces when droplets with varying diameters
condense on the substrate. As seen in Fig. 2, as the con-
densation continues, the droplets become larger and coa-
lesce before rolling to the bottom of the surface, gathering
the static beads along its downward trail [5]. During drop-
wise condensation, the bare surface is constantly exposed to
the water vapor, as the action of the falling droplets, assisted
by gravity, sweeps away the residual liquid. More drops
nucleate on the surface, and this cycle continues [5].

Because the surface is exposed constantly to the water
vapor, the heat transfer coefficient is higher for dropwise
condensation [6]. Thus, dropwise condensation is preferred
over film-wise condensation for water collection.

The state of a water droplet on a roughly textured surface
affects its degree of hydrophobicity. The Cassie-Baxter state
is attained when a liquid droplet remains on top of a tex-
tured pattern (Fig. 3), while the Wenzel state is attained
when the liquid droplet spreads into the spaces within the
pattern, as shown schematically in Fig. 4. While the Cassie-
Baxter state is more common on hydrophobic surfaces than
the Wenzel state, both states can occur on the same
hydrophobic surface. A droplet may transition from Cassie-
Baxter state to Wenzel state when droplet volume, surface
vibrations, or surface inclination increases [7, 8].

Fig. 1 Schematic of film formation when water condenses on a chilled
surface

Fig. 2 Schematic of droplet formation when water condenses on a
chilled surface and nucleates droplets

Fig. 3 Schematic of water drop on a textured surface showing Cassie-
Baxter behavior
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The contact angle θ of a water droplet on a substrate can
be used to indicate hydrophilicity or hydrophobicity. A
surface is considered hydrophilic if θ is <90°, while θ
greater than 90° indicates a hydrophobic surface. The
equation for contact angle is dependent on whether the
droplet is in Cassie-Baxter state, where Eq. 1 is used:

cos θ ¼ A cos θ þ 1ð Þ � 1 ð1Þ

or the Wenzel state, in which Eq. 2 is used:

cos θ ¼ 1þ 4A= α=Hð Þ½ �cos θ ð2Þ
where A is area, α is pillar width and H is pillar depth. For
water harvesting, Cassie-Baxter behavior is desirable, such
that a hydrophobic material is used to encourage droplet
formation on a hydrophobic texture.

To adjust the surface energy of a gel coating, the surface
composition can be modified with organic groups. Over the
years, many methods have been used to incorporate silica
into polymers or polymers into silica. The sol-gel process is
one of the methods used to prepare composites of silica and
polymers, especially when the majority component is silica
[9]. The sol-gel process, requiring hydrolysis and poly-
merization of organically modified alkoxysilanes, leads to
composites where the components are mixed on the
nanoscale. Ordinarily, the outcome of the sol-gel process
with a tetrafunctional precursor such as tetra-
ethylorthosilicate (Si(OC2H5)4 - TEOS) is a 3-dimensional
network. With 4 identical groups attached to the Si, the sol-
gel process eventually forms a gel, with structural elements
reflecting pH and steric effects. However, 4 identical groups
can be changed to, for example, 3 identical groups and one
group with a direct Si-C bond. While the original groups are
hydrolytically reactive, the substituted group, for example,
methyl or phenyl, is hydrolytically stable.

The category of hybrid gels that is the main focus of this
paper is melting gels [10]. They result from combinations of
mono-substituted siloxanes and di-substituted siloxanes.
For example, TEOS with one ethoxy substituted by a
methyl can be combined with TEOS with two ethoxys
substituted by methyls [11]. All mono-and di-substituted
alkoxysilanes used in this study are listed in Table 1. The
unsubstituted tetrafunctional alkoxysilane is included for
comparison. The chemical formula, molecular weights and
the % SiO2 content of the precursors are listed.

Using a sol-gel process with a mono-substituted and a di-
substituted alkoxysilane, where water is added in the parent
alcohol, leads to a rigid, clear mass. Any excess water and
alcohol are evaporated, but the gel does not shrink. When
the gel is warmed to typically 110 °C (T1), the gel softens to
a clear liquid that easily flows and can be poured. When
allowed to cool to room temperature, the gel returns to its
rigid condition. The cycle of softening when warm and
rigidifying when cool can be repeated many times. How-
ever, if the gel is heated to its crosslinking temperature (T2

> T1), it no longer softens, and the gel is no longer able to
exhibit its so-called melting [12].

To show this behavior, what structures exist in the gel at
the time the gel becomes rigid? By mixing different molar
quantities of a precursor with 2 reactive groups with a
precursor with 3 reactive groups, many structures can form.
The simplest ones would be dimers, tetramers, silses-
quioxanes, or ladders. The ladders would be the result of a
reaction involving hydrolysis and condensation, leaving
<50% of the original weight of the precursors. In fact, when
unconsolidated gels are heated in a thermal analyzer, the
measured weight loss is more in line with a nanocomposite,
consisting of ladder structures with large amounts of
retained organic groups [13]. Another study, where
unconsolidated gels were dissolved in acetone, supports the
idea that ladder-like chains form in gels before they cross-
link to an irreversible solid [14].

If the melting gels are made up of chains that can move
around when warmed to T1, and only form additional
crosslinks when heated to the consolidation temperature,
Tcon, then it is reasonable to expect melting gels to show the
ability to soften and become rigid, and to repeat this cycle
many times. Even after several years of storage in glass
vials, samples continue to show this behavior. 29Si NMR
studies provide further support for ladder structures [15].

Differential scanning calorimetry (DSC) has been used to
identify the glass transition temperature in melting gels, and
these temperatures have been confirmed using oscillatory
viscometry. All of the melting gels exhibit glass transition
behavior in the way that polymer nanocomposites do, where
domains of amorphous polymer exhibit relaxation phe-
nomena. Glass transition temperatures as low as −50 °C
were measured for the methyl triethoxysilane (MTES) -

Fig. 4 Schematic of water drop on a textured surface showing Wenzel
behavior
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dimethoxydiethoxysilane (DMDES) system [11]. The glass
transition is generally thought of as the interval of transition
between liquid and glassy states. As such, the Tg should
increase with an increase in the number of oxygen bridges
between silicon atoms [16].

Turning now to the application of melting gels in water
harvesting, there has been considerable interest in finding
textured surfaces that are able to attract atmospheric water
and facilitate the nucleation of water droplets. Many
materials have been investigated including metals, poly-
mers and composites. The key aspect of the surfaces is the
ability to pattern on the microscale and macroscale [17].
Even the nanoscale has been investigated to improve
efficiency [18, 19]. The parameters that alter the hydro-
philicity or hydrophobicity have been adjusted by chan-
ging the surface chemistry and the scale of the pattern
[20, 21]. These studies indicate that it is desirable to find
methods for patterning surfaces that can be scaled up.
Imprinting with melting gels falls in the category of being
scalable.

The use of imprint lithography on melting gels has
been demonstrated in the past. While melting gels were
developed originally to replace low melting inorganic
glasses, new applications and functionalities have
appeared [22–24]. The refractive index of hybrid coatings
was found to vary according to the quantity of the organic
bonded to the inorganic network, making them candidates
for waveguides. One of the earliest examples of imprint-
ing melting gels involved a waveguide that was prepared
by microfluidic lithography, based on phenyltriethox-
ysilane (PhTES), MTES and TEOS [22]. Using this
method, patterned microstructures were obtained with a
linewidth of 20 and 35 µm. In another study, pregrooves
1.6 µm in pitch and 86 nm in depth were patterned on a
130 mm diameter glass disk substrate for optical data
storage using MTES and TEOS [23]. Other properties of
melting gels that have been reported are their surface
chemistry as indicated by water contact angle measure-
ments, gas transmission properties in hermetic seals, and
dielectric properties [25].

When it comes to preparing textured surfaces, other
techniques have been used such as step-and-flash imprint
lithography (SFIL), e-beam lithography, and post-forming
surface treatment [17, 26]. More complicated patterns have
been imitated from various plants and organisms [27–29].

The value of using imprint lithography in melting gels is
seen in the relationship:

z ¼ R σ t cosθ
2η

� �1=2

ð3Þ

where z is the maximum feature height/wall height, R is the
periodic groove radius/width of channel, θ is the contact
angle with the PDMS mold (<90°), and σ is the viscosity
during forming. For interface energy between the PDMS
and gel, the surface energy σ is estimated to be about
0.02 Nm−1 [30]. For the combination of melting gel and
PDMS mold, the features conveniently fall between 0.1 mm
and 1.0 mm, which are suitable for water harvesting
operations.

The composition selected for this imprint study contains
80 mol% PhTMS-20 mol% DPhDMS with small additions
of TEOS to control thickness, based on a previous study
[31]. Samples were prepared by pouring the softened gel
into a 2.54 cm neoprene rubber o-ring that was stuck with a
superglue to PET film. The gel was warmed to about 75 °C
by immersing a glass vial of gel in warm water. When the
viscosity of the gel was as low as that of water, the gel was
poured. Two or three samples were poured before the gel
became too thick to pour. The gel filling the o-ring was
slightly concave upward, indicating a high contact angle
between the gel and the rubber o-ring. After the sample was
heated at 175 °C for 5 min, it was hard and glassy.

When it was re-softened, a pattern was imprinted on the
surface manually. A simple pattern of parallel lines was
pressed into the sample for a few seconds to make the
imprint, and then removed. If the sample was warmed
slightly, the imprint healed and disappeared. If the sample
was cooled to room temperature, the imprint remained, with
good fidelity. The samples were scanned with a profil-
ometer, and the periodicity of the pattern was preserved.
The features were on the 100 micron scale [31].

There has been considerable progress in the past 10 years
to develop the concept of imprint lithography, as well as UV
lithography, with melting gels and hybrid gels [32]. In
addition, melting gels are suitable for embossing and capil-
lary molding [33, 34]. In one such test, a polydimethyl
siloxane (PDMS) stamp pattern was transferred to a 80mol%
PhTES-20 mol% DPhDES gel. A typical result of the
capillary molding process is a pattern of the mold is

Table 1 Phenyl-substituted
precursors containing methoxy
groups, listed in order of
decreasing SiO2 content, with
TMOS and TEOS for
comparison

Precursor Chemical
formula

Molecular weight %SiO2 Number of
reactive groups

Tetramethoxysilane TMOS C4H12O4Si 152.22 39.5 4

Tetraethoxysilane TEOS C8H20O4Si 208.33 28.8 4

Phenyltrimethoxysilane PhTMS C9H14O3Si 198.29 30.3 3

Diphenydimethoxysilane DPhDMS C14H16O2Si 244.36 24.6 2
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replicated and the walls maintain a high aspect ratio of 5:1
[35]. Other patterning techniques required a slurry or used the
gel itself as the rubber stamp [36, 37]. In the present study, a
survey of techniques was carried out, along with a sampling
of melting gel formulations that have been described in the
past. Some trends were found quickly with regard to com-
positions that were suitable. Only the results from these trials
are reported. Also, while several textures were examined,
only the results from grooved samples are included [38].

2 Experimental

2.1 Preparing melting gels

For methyl substituted melting gels, the preparation steps
have been reported in detail [11]. These compositions were
not investigated further as surfaces for water harvesting
because they were too hydrophobic. On the other hand, the
phenyl-substituted melting gels were in the right range of
surface energies. For the phenyl substituted systems, a two-
step synthesis was used [12]. First the mono-substituted
alkoxysilane and water were mixed together. The molar
ratio of PhTMS:H2O was 1:1.5. The pH of the water was
adjusted to 2.5 using a 0.1 N HCl solution. After the water
was added to the PhTMS, the mixture was stirred at 40 °C
in a covered beaker. In the absence of a co-solvent, the
mixture initially showed immiscibility between water and
PhTMS. However, a clear solution was obtained after
30 min of stirring.

In the second step, the di-substituted alkoxysilane
DPhDMS was diluted with methanol. The molar ratio of
DPhDMS:CH3OH was 1:4. The DPhDMS-methanol mix-
ture was added dropwise to the clear solution of PhTMS and
water. This mixture was stirred for another two hours in a
closed beaker at 40 °C. Then, the clear solution was cooled
to room temperature and stirred overnight in an open system
until gelation occurred. The gels were then dried at 70 °C
for 24 h, followed by a heat treatment at 110 °C. After these
heat treatments and cooling, the gels were rigid at room
temperature, but they re-softened at ~110 °C. The con-
solidation temperature for the composition 80 mol%
PhTMS-20 mol% DPhDMS was 170 °C, and this compo-
sition was studied for its moldabillity.

The compositions used in this study were modified with
small TEOS additions [38]. The base composition listed above
had 2 and 10mol% addition of TEOS, based on one mole of
PhTMS. The sample with 2mol% was poured onto the sub-
strate when it was fluid. The sample with 10mol% was bro-
ken into a powder, and the powder was allowed to viscous
sinter onto the substrate by heating to the softening tempera-
ture. For the sample with 2mol% TEOS, the Tg was 13 °C
and its Tcon (consolidation temperature) was 215 °C. For the

sample with 10mol%, the Tg was 24.5 C and its Tcon was
195 °C. Their densities were about the same at 1.29 g/cm3, and
the sample with 10mol% took 13 h to gel, compared to 12 h
for 2mol%. The static contact angle with water was 91° for
2 mol% and 88° for 10mol%. Sliding angles were not mea-
sured, but their measurement in future studies is critical to
understanding the ability to harvest water.

2.2 Patterning melting gels

To create a texture or pattern on the gel, a variety of molds
were tried to find which molds could withstand heating at
190 °C for 24 h and be removed from the gel without the gel
adhering to it. Two commercial silicone rubbers (Mold-
star30™ and Ecoflex™) were tried, with the stiffer rubber
(Moldstar30™) being better (Smooth-On, Inc., Macungie,
PA 18062). The mold with vertical lines is shown in Fig. 5.
In addition, a 2.54 cm circular nickel screen with a honey-
comb grid pattern was used.

To prepare the sample, the gel was heated in a glass vial
to 110 °C in a beaker of water on a hot plate. When the gel
became fluid, the vial was removed and the gel was poured
directly onto the sandblasted steel substrate. The nickel
screen and the Moldstar30™ silicone mold with a simple
line pattern were pressed into the gel. Part of the sample was
left unpatterned. Then the substrate was placed into an
unheated oven and heated to 190 °C. The gels were held for
24 h and left to cool to room temperature for 8 h before
being taken out of the oven. The molds were then carefully
removed.

Fig. 5 Moldstar30™ silicone rubber with pattern of vertical lines
(about 2.5 cm x 2.5 cm)
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2.3 Collecting water from patterned surfaces

To test the water-condensing abilities of the surfaces, a flask
filled with water and a few drops of food coloring was
boiled on a hot plate. The Erlenmeyer flask was capped with
a rubber stopper threaded with a flexible tube, which was
directed towards the underside of the substrate. Copying the
set up used in other studies, the underside of the substrate
was used for condensation [8]. When the water reached a
boil, the steam in the tube was directed at each of the var-
ious patterns. The topside of the substrate was positioned in
front of an air conditioner to facilitate cooling. The
experimental set up is shown in Fig. 6.

The use of boiling water as a vapor source and an air
conditioner for active cooling produced measurable quantities
of water collected over a 2 h period. These conditions allowed
for the determination of preferred patterns in a qualitative and
a quantitative way. Images of the collecting surface could be
obtained easily with a camera, and the presence or absence of
droplets was observed. Further analysis of the images could
be carried out to determine average droplet size and size
distribution, but that has yet to be performed.

The substrate was tilted initially at a 75° angle on top of a
graduated cylinder that was used to collect the run off. The
condensation was observed and photographed every five
minutes. The amount of water collected in the graduated
cylinder was measured every 30 min. These measurements
were recorded for 2 h. The patterns were used concurrently
as well as separately. By adjusting the angle of tilt, it was
found empirically that the best results were obtained when

the angle was decreased to 59°. This angle was used for the
subsequent samples and each run was repeated twice.

3 Results

The imprint on the gel with composition 80mol% PhTMS-20
mol% DPhDMS and 2mol% TEOS after heating at 190 °C is
shown for the vertical lines in Moldstar30™ (Fig. 7), along
with the honeycomb pattern created with a nickel mesh screen
(Fig. 8). The lines in the Moldstar30™ material are about
1 mm apart. The patterned gel was scanned in a profilometer
to confirm that the lines were separated by about 1 mm and
had a depth of about 0.1 mm. This is consistent with the
features on the Moldstar30™ stamp. Because the honeycomb
pattern tended to show film wise condensation, no data are
reported from the time studies. All of the patterns are shown
on sand-blasted steel substrates.

Through qualitative analysis of the camera images, it was
determined that the simple line patterned gel surface
experienced dropwise condensation, forming large droplets.
The droplets on the line pattern had the largest average size
per time interval and the highest contact angle, which in fact
produced the most water (Fig. 9). The honeycomb pattern
(Fig. 10) formed small water droplets, but also created a
film in the middle of the pattern. The collection rates from
this pattern were erratic.

Better results were obtained when each sample was
studied individually. Measurements collected over 2 h at
30 min intervals showed approximately linear behavior.
These results are plotted in Fig. 11. In side-by-side trials,
the rates of water collection were calculated from the slopes

Fig. 6 Set-up of apparatus for condensing water vapor and collecting
run off, with sample tilted at approximately 59°

Fig. 7 Imprint in melting gel from Moldstar30™ pattern
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of the water volume vs. time plots for 1 h of collection.
Each sample was repeated, and an unpatterned surface was
used for comparison. These values are collected in Table 2.
The samples were not dried or cleaned between the trials,
which may account for the larger discrepancies between
trials on the honeycomb and unpatterned surfaces. These
surfaces formed films, where the vertical lined surface
formed droplets.

It was observed that when the surface inclination was
increased, the liquid droplets transitioned from Cassie-Baxter
state to Wenzel state. Therefore, the inclination was maintained
at 59° for the remaining trials. On a consistent basis, it was
found that the line pattern resulted in the most water collected
and with an average rate almost 2 times higher than the other

surfaces. In all cases listed in Table 2, the R2 values were close
to 1, indicating little scatter from best fit straight lines.

In addition, it was noted that the water that collected
from all of the substrates was clear. Since the boiling water
contained food coloring, it was encouraging to see that the
collected water did not have residual color.

4 Discussion

While it was expected that the textured surfaces would
increase the collection of water, based on the considerations
of contact angle, and the criteria for Wenzel or Cassie-
Baxter behavior, the magnitude of the effect was not known
until it was measured. The surface with the vertical lines
gave more consistent behavior when the measurements
were repeated. There was no reduction in the quantity of
water collected from the first trial to the second trial. Further

Fig. 8 Imprint in melting gel from nickel mesh

Fig. 9 Water droplets forming on line pattern

Fig. 10 Droplets and film formation on honeycomb pattern

Fig. 11 Comparison of water collection results from samples with
coatings (triangles) and without coatings (circles), first (open) and
second (filled) trials
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trials are needed to establish long term performance.
Another comparison of the surface with vertical lines
showed almost twice the rate for the surface with lines
compared to the surface with gel but no lines. Other patterns
such as those described as pillars, mushrooms, pyramids
and truncated pyramids may be even better with regard to
Cassie-Baxter behavior, but these patterns are more com-
plicated to imprint on the surface [39].

Since the melting gels have surface energies that place
them at the boundary between hydrophilic and hydro-
phobic, the role of texture is significant. Generally,
increased roughness on hydrophilic surfaces leads to a
decrease in the contact angle, while increased roughness on
hydrophobic surfaces leads to a decrease in the contact
angle. The collection of water droplets from these surfaces
is sensitive to this interaction. The patterns with the lines
gave the best compromise of surface energy and roughness,
leading to primarily Cassie-Baxter behavior.

In addition to the sensitivity to roughness, there is a
relationship between the ability to nucleate water droplets
and the ability to dissipate the heat of vaporization. The
models for thermal heat balance are far more complicated
than the qualitative observations made in this study.
Nevertheless, the ability to dissipate the heat using the
metal substrate and the active cooling permitted the eva-
luation of the surface patterns. The coatings themselves
were relatively thin, <1 mm, and did not interfere with heat
transfer. A more in-depth model of the heat flow in this
system would be beneficial. In addition, studies in much
lower relative humidities (<40%) are essential to show the
performance in conditions more likely to exist in arid
climates.

The rates of collection are about 10ml per hour for an area of
about 1 cm2. If the recommended collection is 3.6 liters per hour
for 1m2, then this scales to 106ml or 1000 l. Of course, the set
up directs saturated steam at a cooled substrate in near proximity.
The ease of droplet formation is readily seen on the patterned
surface. Further work is needed to understand the nucleation
efficiency of water droplets on the vertical lines pattern.

5 Conclusions

Using the principles of the Cassie-Baxter and Wenzel behavior
of water on a patterned surface, it was found that the vertical
line pattern was more effective than either the honeycomb
pattern or the sand blasted surface in collecting water.

Condensation occurred on all of the surfaces, but the collection
and rolling of droplets was easier on the surface with the lines.
The honeycomb surface, compared to the sand-blasted surface
and the surface with vertical lines, produced smaller droplets
and had a tendency for film formation. Larger droplets are
needed to take advantage of the effects of gravity, so that the
water rolls down the inclined substrate and coalesces with
other droplets, after which they collectively proceed down the
substrate. This leaves behind uncovered surface on the sub-
strate for more drops to nucleate.

Other factors, such as the convex shape of the line pat-
tern and relative areas of the two patterns, may contribute to
the amount of water collected. It is also noteworthy that the
collected water did not have evidence of the food coloring
that was in the source water. Through the process of boiling,
evaporating, and condensing the water, contaminants were
removed by distillation from the water.

Given the critical need for pure drinking water, further
research on the topic of water harvesting is required. Con-
tinued research would allow for experimentation in humid
conditions and a controlled environment. The implementation
of the experiment in more realistic settings would ensure a
more accurate analysis of its applicability. According to the
results of this experiment, there is a linear relationship between
the amount of water collected and time elapsed for a given
area of exposure. Thus, the experiment has the potential for
scale up. The idea is that with a properly patterned surface and
a large enough area of exposure, this method of water har-
vesting can be deployed in many places. A distinct advantage
is that it contains no moving parts.
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