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Abstract
In recent decades, there has been a growing interest in the development of functional,
fluorine-free superhydrophobic surfaces with improved adhesion for better applicability
into real-world problems. Here we compare two different methods, spin coating and
aerosol assisted chemical vapor deposition (AACVD), for the synthesis of transparent
fluorine-free superhydrophobic coatings. The material was made from a nanocomposite
of (3-aminopropyl)triethoxysilane (APTES) functional mesoporous silica nanoparticles
and titanium crosslinked polydimethylsiloxane with particle concentrations between 9
wt% to 50 wt%. The silane that was used to lower the surface energy consisted of a long
hydrocarbon chain without fluorine groups to reduce the environmental impact of the
composite coating. Both spin coating and AACVD resulted in the formation of
superhydrophobic surfaces with advancing contact angles up to 168°, a hysteresis of 3°
and a transparency of 90% at 550 nm. AACVD has proven to produce more uniform
coatings with concentrations as low as 9 wt% reaching superhydrophobicity. The metal
oxide crosslinking improves the adhesion of the coating to the glass. Overall, AACVD
was the more optimal method to prepare superhydrophobic coatings compared to spin
coating due to higher contact angles, adhesion and scalability of the fabrication process.
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Introduction
Superhydrophobic surfaces over recent years have been developed due to their
applications in a range of areas, including self-cleaning surfaces,1 reduction of drag,2
anti-icing,3,4

self-healing5

and

various

other

areas.6

For

a

surface

to

be

superhydrophobic, the water contact angle needs to be >150° where the droplet can pin
on the surface in Wenzel state7 or roll off the surface in Cassie-Baxter state.8 Selfcleaning, liquid mobility and drag reduction applications require Cassie-Baxter with nonuniform roughness. The droplet on such surfaces is mobile due to a phenomena called
“contact angle hysteresis”.9 The physical basis of contact angle hysteresis (θΔ) is still
unclear, however studies indicate that the phenomenon occurs due to non-ideal
properties of real surfaces resulting in several metastable states or thermodynamically
stable contact angles.10,11
To fabricate superhydrophobic materials, fluorinated silanes or other fluorine based
materials have been used and are widely reported in literature.

12–15

Stable fluorinated

groups decrease the van der Waal’s potential with the resulting electrostatic interactions
limiting contact between the solid and liquid phases resulting in higher contact angles.16
In recent years, however, there have been many studies conducted on the
environmental and health impacts of fluorinated compounds including fluorinated
silanes.17–21 This has led to research into alternative methods for reducing the surface
energy in order to achieve contact angles >150°.1,5,22,23 Fluorinated silanes can be easily
substituted with long chain hydrocarbon groups,24,25 as these inhibit water-solid
interactions. However, greener alternatives rely solely on the van der Waal’s potential
created by the hydrocarbon chain interactions which limit their effectiveness.
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Inclusion of nanoparticles is a well-established approach to achieve morphology control
and superhydrophobicity.26,27 Whilst there have been several studies on the control of
particle morphology and size in synthesis, this paper focuses on the use of mesoporous
particles with the aim of reducing particle density and increasing hierarchical roughness.
The Stöber reaction and sol-gel process are still the main synthetic routes with many
examples and reviews reported,28–30 including modifications that have shown the rise of
various particle structures including the use of surfactants and templates to dictate the
porosity and inner structure,31,32 and organic solvents for morphology modification.31
This paper bases synthesis on a previously reported method,31 for ex situ morphology
control for aerosol assisted chemical vapour deposition and spin coating. One of the
many challenges of working with nanoparticles is agglomeration, which this paper
addresses through silanization to increase steric hindrance and reduce surface energy.
Silica particles have been previously utilized in the fabrication of superhydrophobic
coatings with a vast array of approaches.33–39 However, studies show that the addition
of this inorganic filler to polymers to form nanocomposites often results in loss of
transparency due to increased scattering. Alternative particle structures have been
utilized to overcome this such as hollow, dendritic and mesoporous particles. Works by
done on understanding the effect of the particle concentration such as by Vo et al,40
demonstrate that particles with porous morphology reduce the impact on transparency
of the coatings as the pores allow for the polymer to penetrate the particle. They also
reported that lower concentrations also improve transparency.40
Polydimethylsiloxane (PDMS) has often been used as the polymer of choice for
superhydrophobic coatings41–44 because of its hydrophobic nature as well as
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transparency when cured even at large thicknesses due to homogenous nature of the
polymer. However, due to the minimal interacting sites the polymer has poor adhesive
properties to glass, often requiring additional treatment of glass with plasma or chemical
activation to increase hydroxylation. Some of these treatments can be hazardous as well
as temporary once exposed to atmospheric conditions.
To address this concern, an in situ sol-gel approach to bridge PDMS monomers with
metal oxides was adopted in this work.45,46 Metal alkoxides, such as titanium
tetra(isopropoxide) [Ti(OiPr)4] (TTIP), can be used to form titanium oxide linkages within
the polymer network without impacting on its stability due to the low concentration within
the system.47 Furthermore, the adhesion between the hybrid polymer and glass
substrate is enhanced due to the hydrolysis reaction between the transition metal
(titanium) and free oxide species on the glass forming irreversible Ti-O-Si bonding.
Over the decades of development of liquid repelling surfaces, there has been several
techniques developed and optimized for this purpose,6,48 which have been briefly
outlined in Table S1. The main techniques described in this paper are spin coating15,49,50
and aerosol assisted chemical vapor deposition (AACVD),51–55 which are illustrated in
Figure 1.
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Figure 1. Schematic illustrations of our (a) AACVD and (b) spin coating procedures.

Both techniques allow for the nanocomposite to be directly deposited onto a substrate
without modification to the solvent or polymer used. Furthermore, these methods could
be scalable towards mass production of coatings but are different enough to yield
variations in chemical and physical properties of the resulting nanocomposite coating.
This paper builds on the greener fluorine-free approaches whilst evaluating the effect
that polymer crosslinking and manufacture techniques have on the resulting surfaces. It
has been established that due to the non-polar chemistry of PDMS, the contact angle
on a smooth block is ~120°.56 For the nanocomposite, PDMS was crosslinked with a
titanium source in the form of TTIP and compared against a manufacturer supplied
crosslinker. Unlike previous attempts, this work demonstrates that metal alkoxide in the
presence of carboxylic acid is capable of crosslinking PDMS with successful curing and
increased adhesion to the glass substrates while maintaining high degree of
hydrophobicity in combination with AACVD.
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The resulting coatings from both methods show a high degree of transparency whilst the
non-toxic approach is easily scalable in the case of AACVD with significant reduction in
particle loading concentrations with superhydrophobic behavior as low as 9 wt%
compared to 41 wt% for spin coating. Furthermore, the resulting surface morphology
demonstrates nano-micro hierarchal roughness for enhanced superhydrophobic
behavior, which was further enhanced with fluorine-free hydrocarbon silanes. The
methods were evaluated based upon chemical, physical and application properties. This
was done through evaluation of morphology and bonding environments, adhesion,
transparency, particle concentration required to reach superhydrophobicity and
scalability potential. Overall, the paper presents a number of new findings. Firstly, the
introduction of metal oxide crosslinking of PDMS has recently been gaining interest for
the preparation of hybrid inorganic-organic polymer networks where the metal oxide
provides additional properties to the coating such as the demonstrated enhanced
adhesion of the nanocomposite to the substrate where the conditions in AACVD showed
resulting adhesion resistance of up to 15 tape test cycles without highly impacting the
transparency of the polymer. We are first report such improvement in hybrid inorganicorganic superhydrophobic PDMS nanocomposite. Second, the use of AACVD showed
a large decrease in the required concentration of particles required for achieving
superhydrophobicity (down to 9 wt% to polymer compared to 41wt% for spin coating)
which is comparative to other coatings prepared by the method but without the need for
fluorinated silanes. Third, the use of nanoparticles prepared ex situ demonstrated by this
work, provides new opportunities to tailor the particle roughness at the nanoscale
through highly controllable synthesis routes for the nanocomposite formation as well as
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provides the opportunity to further functionalise the particles prior to coating to enhance
surface functionality and enhance properties such as transparency and adhesion. Last
but not the least, direct comparison of the spin coating and AACVD methods further
demonstrates the advantages and limitations in fabrication of the coatings through using
the same nanocomposite composition. Clearly, one might be more favoured over the
other and demonstrating the overall potential of AACVD in manufacturing
superhydrophobic coatings as a greener and more sustainable approach.

Results and Discussion
Mesoporous Silica Nanoparticles
A method presented elsewhere31, with the exclusion of dodecanol as depicted in Figure
2a-d, was followed using tetraethylorthosilica (TEOS) as precursor and cetrimonium
bromide (CTAB) as morphology directing surfactant to obtain mesoporous 120 nm silica
particles. Brief description is provided in the Experimental section. Each reaction step
was indicated in the schematic with corresponding conditions from micelle formation and
arrangement in Figure 2a, condensation of TEOS around the micelles in Figure 2b to
the removal of the CTAB template using acidic alcohol wash in Figure 2c.
Functionalization of the particles was achieved with (3-Aminopropyl)triethoxysilane
(APTES) as indicated in Figure 2d to enhance the dispersion through the introduction of
steric and functional hindrance as reported elsewhere.29,57
Attenuated total reflectance Fourier-transform infrared spectroscopy (ATR-FTIR)
characterization, shown in Figure 2e, was used to confirm successful washing and
functionalization of the particles whilst nuclear magnetic resonance (NMR) in Figure 2f
and scanning electron microscopy (SEM) in Figure 2gi and Figure 2gii were used to
8

confirm particle size and silicon environments whilst TEM in Figure 2h was used to
determine pore size. To evaluate the effect of mesopores on the coating, non-porous
silica particles were synthesized with SEM images in Figure 2i confirming particle size.

9

Figure 2. (a-d) Schematic of synthesis of mesoporous silica nanoparticles and APTES
functionalization. (e) ATR-FTIR spectra of synthesis steps of mesoporous silica. (f) 29Si
NMR with labeled environments on silica particles (scale in chemical shifts in ppm). SEM
images of synthesized mesoporous silica (gi) before and (gii) after functionalization. (h)
TEM of mesoporous silica. (i) SEM images of non-porous silica nanoparticles.

From the ATR-FTIR spectra (Figure 2e), the particles were confirmed to have fingerprint
peaks for silica. Upon further study, red shifts in the spectra were observed, from 1086
to 1052 cm-1 (shift of 34 cm-1) for transverse-optical mode of the Si–O–Si lattice and from
811 to 793 cm-1 (shift of 18 cm-1) for Si–O–Si symmetric stretching vibration band. This
indicates the formation of silica with a more open network (Si–O–Si bond) suggesting
the presence of porosity in the sample.
The functionalization with APTES was also confirmed via ATR-FTIR, as shown in Figure
2e, with the presence of C-H stretch at 2900 cm-1, as well as two small peaks 3240 cm1

and 3360 cm-1 representing N-H stretch. Further peaks at 1610 cm-1 and 1300 cm-1

corresponding to C=N and C-N bonding can also be observed. The emergence of a peak
~720 cm-1, corresponding to SiOC interactions, can also be seen in the spectra.
To evaluate the silica environments present in the mesoporous silica nanocomposite,
29

Si-ssNMR was used, as shown in Figure 2f. Four distinct environments were observed,

which contrasts with non-porous silica, where typically only one peak is observed in the
29

Si-ssNMR spectra since all the silicon atoms are present in one type of environment.

However, when mesopores are introduced into the material, the number of binding
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oxygen atoms to a silicon changes depending on the location of the binding in relation
to the pore. Surface silica exists as quadruple bonded silicon to four oxygen atoms as
shown at -110 ppm (Q4 in Figure 2f) which is associated to any silica complex, for
example the same peak can be seen when analyzing sand.58 Further peaks labelled as
Q3 to Q1 in Figure 2f were observed, which are expected for mesoporous silica,
providing evidence for the formation of the silica nanocomposite.59
From SEM images in Figure 2gi and Figure 2gii, an average particle size of 120±5 nm
was confirmed. This corresponded well to a size of 90-140 nm measured using dynamic
light scattering (DLS) with highest intensity peak seen at 118 nm. Furthermore, the
particles can be seen to be spherical shaped, which was reported by Han et. al.,31
indicating successful synthesis of the silica nanoparticles. Non-porous silica
nanoparticles in Figure 2i demonstrated average particle size of 100 nm also. This was
expected as the same synthesis procedure was followed with the exception of CTAB as
no structure template was required.
Effect of mesoporosity on coating properties
Nanocomposite was formulated in one-pot approach depicted in Figure 3 and fully
detailed in methodology section. In brief, a measured mass of APTES functional particles
was mixed with PDMS to which titanium isopropoxide (TTIP) was added. The
crosslinking of PDMS and TTIP was facilitated by acetic acid whilst the hydrophobic
nature of the coating was boosted by the fluorine-free silane trimethoxy(octyldecyl)silane
(TMODS) which worked to reduce surface energy of the surface.
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Figure 3. (a) Preparation of Sylgard 184 (b) Preparation of TiO-PDMS hybrid (c) diagram
representation of the hybrid PDMS and (d) formation of the nanocomposite.
Mesopores permit the homogenizing of the particles within the polymer media in relation
to achieving greater transparency to non-porous silica particles.60–62 Functionalizing the
silica particles with APTES groups works in two ways. Firstly, the grafting reduces the
surface energy of the particles which promotes dispersion within organic solvent which
is preferred by the polymer which improves the homogeneity of the coating improving
transparency and adhesion. Secondly, the functionalization adds steric hinderance
between particles by addition of larger functional groups reducing agglomeration of the
particles in the composite as demonstrated by Figure 4.
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Figure 4. Visualization of the effect functionalization of the silica particle has on
dispersion in solvent.
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To examine whether mesoporosity influences the coating behavior, two samples (both
at 43 wt% particle loading) were prepared by spin coating, one using non-porous 120
nm silica (Figure 2f-ii) and the other with mesoporous silica. Table shows the result.

Particle Type

Particle Conc. (wt%)

θA (°)

Transparency at 550 nm (%)

Mesoporous

43

152 ± 2

50.7

Non-porous

43

142 ± 6

47.5

Table 1. Evaluation of the effect of mesoporous silica on coating properties versus nonporous silica particles through contact angle and transparency.

From the comparison shown in Table , the effect of mesopores on the transparency of
the resulting coating can clearly be seen, with enhanced transparency by 3.2%. This is
supported by previous works in the literature which also noted the benefits of reducing
the particle (mass) density in order to improve transparency of the coatings as the pores
allowed for the polymer to fill the particles increasing homogeneity.60 There is a 10°
difference in the contact angles, which is due to the mesopores, as the coating was
prepared using the same method. The surface exhibits non-uniform wetting behaviour
with standard deviation being 6° for the average sample areas measured. The coating
going from superhydrophobic to hydrophobic and the transparency reducing by 3.2%
though the only change in particle structure is a clear indication of the benefits of using
mesoporous particles with lower density and higher roughness over that of non-porous
silica particles.
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Spin coating
The deposition of thin films from a toluene solution of the APTES functionalised
mesoporous silica and PDMS/Ti nanocomposite was conducted using a spin coater with
4,500 rpm for 60 seconds, the results of which are shown in Figure 5. The glass
substrates were first allowed to reach the maximum acceleration before 1 mL of the
solution was deposited onto the substrate. This was followed by 30 minutes curing
(Figure S1). Samples prepared for additional annealing (Figure S2) were cooled to room
temperature before being placed in an oven at 300 °C. The spin coated samples are
abbreviated by SC in Figure 5. Table 2 below shows details of different samples (e.g.
SC1A, SC1B, etc.). Sample SC3C was crosslinked using Sylgard crosslinker as
comparison to metal oxide (TTIP). To evaluate the effect of temperature on the crystal
structure of titanium species, a second batch of coatings was produced following same
procedure with the addition of an annealing step where the coated samples were placed
in an oven at 300°C for 60 minutes. The additional heating step was hypothesized to
demonstrate similar behavior to that of AACVD method which is typically done at
temperatures between 200-500 °C.

NAME

PARTICLE CONC.

SECONDARY

(WT%)

ANNEALING TEMP

ΘA (°)

(°C)
SC1A

33

-

142

SC1B

33

300

140

15

SC2A

41

-

152

SC2B

41

300

150

SC3A

50

-

154

SC3B

50

300

153

SC3C

50

-

155

Table 2. Experimental design of titanium crosslinked PDMS superhydrophobic coatings
for Spin coating with indication of secondary heat treatment or not.

The surface morphology of the resulting coatings, as well as chemical composition, was
analyzed using scanning electron microscopy Energy-dispersive X-ray spectroscopy
(SEM-EDS) and ATR-FTIR, as shown in Figure 5. The SEM shows that a non-uniform
roughness required for Cassie-Baxter state has been formed. However, the SEM image
also shows that the resulting coating is non-homogenous where the particles
agglomerate into micro dense and heavily charging microstructures, despite good
dispersion prior to coating the glass substrates. For potential transparency, this limits
the applicability of the method for this nanocomposite as such a high degree of
roughness has been demonstrated to cause large scattering of light.63
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Figure 5. Morphology and chemical analysis of SC1A (a) SEM-EDS analysis with data
in table. Evaluated zone shown in (ai) and data in (aii). SEM images of spin coated
samples (b-j) where (b-d) is SC1A (e-g) SC2A and (h-j) SC3A (k) ATR-FTIR of the
coating. Functionality analysis of coatings (l) dynamic contact angle measurements
showing advancing contact angle (θA) and hysteresis (Δθ) (m) UV-Vis analysis of
coatings with varying particle concentrations (wt%) and heat treatment.

The combined EDS and ATR-FTIR (Figure 5a) demonstrates that there was a successful
incorporation of the titania species into the matrix with a calculated 1.93% of mass being
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titanium. The FTIR spectra shows the presence of hydrocarbon groups (peaks around
2900 cm-1) which are attributed to the silane (TMODS) used to lower the surface energy
of the resulting material. Further peaks attributed to the particles can be seen around
1050 cm-1 and 790 cm-1 as described previously. However, the intensity of the peak at
790 cm-1 has increased compared to that of particles which is indicative of the Ti-O-Si
bond formation. The peak at ~420 cm-1 corresponds to Ti-O in amorphous titanium oxide
species. This indicates that the coating process has not promoted formation of crystalline
titania species, and as a result is not expected to have any photocatalytic properties
similarly to what was reported by Dalod et. al,45 Comparing Raman spectra of the spin
coated samples before and after thermal annealing, as shown in Figure S3, limited
difference in the peak intensities was observed with no additional peaks. This supports
the data obtained from FTIR where no anatase peaks were noted.
This means that the thermal treatment after curing does not allow for the titanium (IV)
oxide species to crystalize into photoactive species either in rutile or anatase and the
morphology remains amorphous. From the data, clear peaks at 554 cm-1, 789 cm-1 and
1093 cm-1 can be seen for amorphous silica along with peaks at 2413 cm-1 which
combined are associated with silica nanoparticles and the polymer (PDMS) matrix. This
was also observed in the EDS data as seen in Figure 5a.
The initial evaluation of the functionality of the fluorine-free coatings was conducted
through morphology study (using SEM imaging at increasing magnifications, shown in
Figure 5b-j for three different concentrations, c.f. Table 2) dynamic contact angle
measurements and ultraviolet–visible spectroscopy (UV-Vis) as shown in Figure 5. The
dynamic contact angles were measured to determine the state of wettability as well as
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the degree of mobility of the droplet on the surfaces. The advancing and receding contact
angles were recorded and processed using Matlab from which the difference between
the two angles was calculated as the contact angle hysteresis.26 Evaluation of the degree
of transparency was done using UV-Vis.
The particle concentration greatly affects the wettability of the resulting coatings due to
differences in the roughness. In Figure 5l, the concentrations shown are 33 wt%, 41 wt%
and 50 wt%, the advancing contact angle reaches 140° for the lower concentration and
increases to 154° for the 50 wt% (SC3A) sample. This indicates that the roughness
created is too low for the lower 33 wt% and while the coating is hydrophobic the droplet
is pinned to the surface and is unable to roll-off the material. The first sample to show
superhydrophobic behavior is SC2A with advancing contact angle of 152° and hysteresis
of 3°.
Further study of the effect of a second annealing step after curing shows that both θA
and Δθ decrease afterwards which could be explained by the high temperature
damaging the structure of the polymer matrix as seen by yellowing of the samples.
However, this also increased surface uniformity as the PDMS was heated and the
particles could possibly better set into the matrix.
This is further supported by the changes in transparency measurements where the
coatings that have undergone thermal treatment exhibit higher levels of transparency.
As shown in Figure 5m, the coatings SC3A and SC3B vary in transmittance by ~10%
over the visible light region with average visible transmittance (AVT) of 46% for SC3A
and 56% for SC3B; the secondary annealing improves transmittance for higher
concentration but this is not seen at the lower concentrations. As indicated by SEM
19

imaging (Figure 5a and Figure 5b-j), the clusters formed on the surface due to particle
agglomeration were less than a few microns in size. The transparency of these coatings
does not seem to differ greatly by concentration of the particles. This indicates that at
these concentrations the dispersion of particles needs to be further improved through
functionalization to increase the steric hindrance between individual particles. Further
functionalization in turn will diminish agglomeration resulting in less scattering and higher
optical transparency.
Aerosol Assisted Chemical Vapor Deposition (AACVD)
Superhydrophobic coatings on glass substrates were deposited via AACVD from the
precursor solutions with different concentrations of the APTES functionalized
mesoporous silica and PDMS/Ti nanocomposite dissolved in toluene and with pure
Sylgard (PDMS monomer) as additive to aid adhesion to the glass substrate, at
temperatures between 200 and 400°C and 15-70 min deposition time. In this
temperature range PDMS can survive short periods of time at high temperatures before
it starts to break down whilst particle concentration is low to prevent large agglomeration
and clogging of the equipment. Temperature, deposition time and particle concentration
were varied to test their effect on surface morphology as well as optical transparency of
the resulting material. The variables of each coating have been summarised in Table 3.

PARTICLE CONC.

TEMP.

DEPOSITION TIME

(WT%)

(ºC)

(MIN)

23

300

70

Name
AD1A

ΘA (°)
157

20

PARTICLE CONC.

TEMP.

DEPOSITION TIME

(WT%)

(ºC)

(MIN)

AD2A

17

300

50

161

AD3A

9

300

50

162

AD1B

23

200

55

Name

ΘA (°)

151
Wenzel
AD1C

23

400

60

164

AD1A15

23

300

15

168

AD1A20

23

300

20

161

AD1A30

23

300

30

167

AD1A50

23

300

50

160

AD1A60

23

300

60

162

Table 3. Experimental design of superhydrophobic coatings for AACVD method where
AD = AACVD, 1-3 refers to concentrations and A-C indicates temperature.

Surface morphology and chemical composition of the AACVD coated samples were
analyzed using SEM-EDS, X-ray photoelectron spectroscopy (XPS) and ATR-FTIR
(Figure 6). From the morphology (Figure 6a and Figure 6b), there is clear indication of
hierarchical roughness which facilitates Cassie-Baxter state. The EDS map shows
consistent coverage of silica and titania where the latter seems to dictate the larger
structures.
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Despite playing a crucial role in the morphology of the coating, as expected, the
concentration of Ti was low compared to that of Si or O (Figure 6c) which can be
attributed to both the polymer and particles where these elements play a key role in
structure. Carbon in the coating is of high prominence and this is the result of both
polymer groups as well as the abundance of TMODS at the surface of the coating.

Figure 6. Morphology and chemical analysis of AACVD sample (a-b) SEM of AD3A (c)
SEM-EDS analysis with composition map where Si - blue, Ti - yellow and O - pink. (d)
ATR-FTIR of the coating (e) XPS survey spectra. Functionality analysis of coatings (f)
UV-Vis analysis of coatings based on change in deposition time (AD1A15-60) and
particle conc. (AD1-3A) (g-h) Advancing contact angle and hysteresis of samples with
varying (g) temperature and particle concentration. and (h) deposition-time.
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ATR-FTIR data was collected as shown in Figure 6d by scrapping the surface layers of
the coating and analyzing the sample. Clearly defined peaks around 2900 cm-1
correspond to the C-H stretch from the silane functional group. Peaks corresponding to
APTES can be seen in the analyzed sample, which indicates that the additional silane
TMODS binds with the polymer rather than the particles. This is clear as there is not a
strong catalyst added to the composite to cause amide bonding. Further peaks attributed
to the particles were observed at ~1050 cm-1 and 790 cm-1 as described in the spin
coating section. In contrast to spin coated samples, there is a broadening and shift of
the Ti-O peak around 420 cm-1 region and an emergence of a peak around 1600 cm-1
often seen in anatase. The data obtained from EDS is also supported by XPS (Figure
6e) indicating the presence of the four main elements: O, Ti, C and Si.
Evaluation of functionality of the fluorine-free coatings was conducted through UV-Vis
spectra and dynamic contact angle measurements, as shown in Figure 6f-h. From the
dynamic contact angle measurements, advancing (qA) and receding (qR) contact angles
were recorded, with the difference between the two being the contact angle hysteresis
(Dq).
To evaluate the effect of AACVD as a method on the transparency of the coating, UVVis (Figure 6f) was used. Focusing on the deposition times first, a clear correlation
between deposition time and transparency in the visible region was demonstrated
similarly to Tombesi et. al.64 Their trend of decreasing transparency was due to
increased time of each layer deposition. However, here the overall composite
concentration changes with reduced time where sample AD1A15 was deposited for 15
minutes and exhibited transparency of ~90% compared to glass, whereas AD1A60
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which was deposited for 60 minutes and only reached ~20% transparency. This
indicates that with lower deposition time a more transparent coating can be achieved
which relates to a lower concentration of the nanocomposite that coats the glass
substrate, a trend supported in literature.64
Comparing the effect of particle concentration on transparency, the decrease in particle
concentration results in a higher degree of transparency from ~20% for 23 wt% to ~85%
for 9 wt%. A similar effect can be seen by decreasing deposition time for the 23 wt%
samples hence indicating a lower surface concentration of the particles on the final
material. This can be explained by the fact that less coating reaches the surface as the
deposition is not done to the completion of the nanocomposite. All samples made via
AACVD achieved contact angles >150° (Figure 6g-h), however AD1B exhibited Wenzel
state where the droplet pinned to the surface and no Δθ were measured, which could be
the result of a lower temperature of 200 oC used for the deposition. This has been
supported by literature where it was also noted that 200 oC was too low for the deposition
of superhydrophobic surfaces with PDMS65,66. The Cassie-Baxter coatings all exhibited
Δθ below 10° indicating high droplet mobility, which are required for self-cleaning
properties. Hysteresis values as low as 2°±1° were also measured for some samples
(see Figure 6h)..
From varying the particle concentration, temperature and deposition time little difference
to the contact angle or the Δθ was achieved providing the temperature was 300 oC or
above. This contrasts with spin coating where a change in concentration dictated
whether superhydrophobicity was achieved. Therefore, it was concluded that 300 °C
was the optimal temperature and there was no advantage using higher temperature for
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sample preparation in terms of contact angle, whilst concentrations as low as 9 wt% of
particles was enough to reach superhydrophobicity. Despite minimal changes to the
contact angle, there was a clear variation in scattering caused by the larger
concentration of particles. This is supported by literature as higher concentration of
particles means there is a greater chance of light being scattered by a particle.63
Coating method comparison
Comparison of the two methods utilized for fabrication of the superhydrophobic surfaces
revealed a range of characteristic differences. Focusing on the wetting behavior,
composition data and morphology (Figure 7), films deposited via AACVD were superior
compared to those from spin coating. Table blow outlines the properties of the selected
coatings for direct comparison of the two methods.

Name

Particle conc. (wt%)

Temp. (ºC)

θA (°)

AD1A

23

300

157

SC3A

50

-

154

SC3B

50

300

153

SC3C

50

-

155

Table 4. Selection of coatings for comparison of the two methods based on highest
concentration of particles for each method.

The morphology of samples prepared by the two approaches is compared in Figure 7al. The pillar-like structures seen in Figure 7a have been previously shown however,25,65,66
these were achieved through in situ sol-gel reactions within the deposition chamber
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where here the same structures can be observed when ex situ synthesized particles are
used. The deposition of the nanocomposite as an aerosol rather than relying on
centrifugal forces to evenly distribute the particles has the benefit of further limiting the
chance of particles agglomerating during the coating step with the same composite as
seen in Figure 7d, Figure 7g and Figure 7j of the spin coated samples where the surface
is covered by a polymer film with agglomerated particle sites.
AACVD prepared sample (AD1A) showed excellent self-cleaning properties (Figure 7p)
as expected from its morphology and low contact angle hysteresis (Figure 7m and Figure
7o, replotted with data from Figure 5l, Figure 6g and Figure 6h). This was observed due
to the prevalence of the surface energy reducing groups from the TMODS which have
been bonded to the surface of the coating as indicated from ATR-FTIR analysis (Figure
5k and Figure 6d). The higher temperatures were not detrimental whilst the surface
remained superhydrophobic and the removal of dirt did not weaken the effect.
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Figure 7. Morphology and wettability comparison. Comparative morphology of AACVD
(a-c) AD1A and spin coated samples (d-f) is SC1A (g-i) SC2A and (j-l) SC3A. The same
three magnifications were chosen with scales bar shown in images a-c. Influence of (m)
particle concentration and (n) temperature on dynamic contact angles of coatings
fabricated by both methods (o) self-cleaning of AD1A sample showing before, during
and after cleaning. AFM study of (p) SC3A and (q) AD1A.
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From the AFM data, there is a clear difference between the scale of roughness between
the spin coated and the AACVD samples. The spin coated sample primarily remains at
sub 500 nm roughness whilst the AACVD sample exhibits hierarchal roughness with
micro and nano-sized features. The AFM data combined with SEM images provide clear
view of the coating morphologies which explain for the difference in wetting behaviour
and transparency. From the SEM it can be seen that the polymer is primarily responsible
for the micro-structures which help to explain why the transparency of the coating is not
adversely affected by the increased roughness compared to the spin coated samples as
PDMS is transparent in Visible light range.
The hypothesis behind using TTIP was to introduce metal oxide pockets that would form
stronger interactions between the substrate and the coating, hence enhancing the
adhesion. This was tested through tape test as described in experimental section and
analyzed using dynamic contact angle measurements as shown in Figure 8 due to loss
of contact angle with the removal of the coating. To evaluate the effect of the metal oxide
compared to standard crosslinker, the samples analyzed were compared to a coating
prepared using standard crosslinker denoted SC3C (for spin coated samples) provided
by Dowsil which was mixed at the recommended ratio of 10:1 polymer to bridging agent.
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Figure 8. Cyclic tape peel test to assess substrate adhesion and durability of coatings.
AACVD sample are stable well above 10 cycles. (b) Sandpaper abrasion test of AD1A
showing durability above 25 linear abrasion cycles. AFM characterization of the surface
of AD1A (c) before and (d) after the sandpaper test.

The test revealed that the standard crosslinker survived one peel cycle with a 40°
decrease in contact angle whilst there was a large difference between spin coated
samples and AACVD samples. The spin coated samples survived two and one peel
cycle, respectively whilst the AACVD samples survived 15 peel cycles and still exhibited
superhydrophobic behavior (Figure 8). It was apparent that, although the tape removed

29

a thin layer of the coating, the remaining coating remained superhydrophobic with an
overall loss of 7° over the 15 peel cycles. This difference in adhesion is the result of the
variation in fabrication method since in AACVD the substrate is heated prior to and
during deposition whilst in spin coating the composite is heated post application to
promote curing. In the hydrolysis reaction, heat treatment has been shown to favor the
bonds in both gaseous oxygen and the oxygen bonded to the glass to break to free a
binding site for the titanium to form O-Ti-O and Ti-O-Si bonds respectively.67
The durability of the coating was tested through linear sandpaper abrasion cycles, as
shown in Figure 8b, demonstrates the high resistance of the AACVD applied coating
beyond 25 cycles. The coating displayed a total decrease in contact angle by 6º over
the duration of the test whilst the droplet still rolled-off the sample indicating a retention
of the Cassie-Baxter state. Comparatively, coatings in literature exhibit similar or weaker
durability to the test such as the coating reported by Lu et al (40 cycles), Sebastian et al
(20 cycles) or Wang et al (45 cycles) though it is worth noting the latter two tested
longitudinally.68–70 Furthermore, despite the visible damage to the coatings’ surface
(Figure 8c-d), the high contact angle and Cassie-Baxter state remain which indicates in
combination with the adhesion test that as a layer of the coating is remover, the one
underneath is also superhydrophobic.
To visualize the differences between all the modified properties to the coatings a
summative table (Table 5) was designed highlighting the key differences in physical and
chemical properties of the coatings.
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Sample

Particle conc. (%wt)

Transparent @ 550 nm (%)

Adhesion cycles

AD1A

23

20

15

SC3A

50

40

2

SC3B

50

55

1

Table 5. Summary comparison of the coatings based on particle concentration and
durability tests and transparency.

Comparatively,

coatings

reported

elsewhere

achieve

similar

degrees

of

superhydrophobic behavior at much higher concentrations42 or required fluorination.2,12–
15

Some examples have been summarized in Table 6 showing key variables.

Sample

Particle conc.

Transparency

θA (°)

Ref

(%wt)

(%)

AD1A15

9

90

168

This work

SC3B

50

55

153

This work

MPS-TEOS-POTS*

-

90

165

64

AACVD coated PTFE films*

-

91

169

71

Polyamide 12–SiO2 (1:4)

4

87

160

72

100 (annealed

-

163

73

POTS- SiO2*

particles)
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Table 6. Comparison between manufactured coatings and literature based on particle
concentration, transparency and advancing contact angle (θa). (*) indicates fluorinated
components.

Both methods resulted in superhydrophobic coatings, however AACVD has
demonstrated high contact angles (168°±2) and low hysteresis (3°±1) at very low particle
loading concentrations- as low as 9 wt% (nanoparticle:polymer). Samples produced by
AACVD typically achieved higher degrees of superhydrophobicity at lower wt% of
particle to polymer, more uniform roughness and better definitions in PDMS intensities
of the Raman spectra. All these factors as well as the tunability of the deposition times
for the coatings results in higher transparency in the visible region and better adhesion
(Figure 8) indicating better applicability of the coating.
Utilizing structured and porous silica has been shown by literature to great extent with
success in transparency, durability and self-cleaning.33,37,39,74–80 Furthermore, the use of
both non-fluorinated and fluorinated silanes along side of these has yielded in very good
coatings with high contact angles and low hysteresis.36 However, their application
withing deposition systems has been limited due to difficulty of achieving homogenous
dispersions in polymeric solutions which is why a large number of publications choose
to utilize a sol-gel route where precursors are mixed with the polymer then deposited
onto substrates where particle growth occurs at the surface of the material.80–83 The use
of mesoporous particles synthesized ex situ permits to optimize the structure of the
particle prior to coating deposition allowing for control in particle size, morphology and
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functionality which the benefits can be seen from fabricated coatings. Furthermore, the
presence of the pores has been shown to permit the polymer to fill them which resulted
in higher transparency by further homogenizing the coating whilst the hierarchal
structures gave greater contact angles at lower concentrations.From Table 6, AD1A15
shows competitive transparency and contact angle to those reported in literature despite
not utilizing fluorinated silanes. This indicates that the synthesized coating is an
environmentally friendlier alternative in achieving superhydrophobicity. Furthermore, the
introduction of the titanium species provides stronger adhesion of the coating to the glass
increasing durability to over 15 tape test cycles. The self-cleaning properties provide
applicability within wall treatments, reducing water waste in cleaning surfaces from dust
as well as prevent staining from water-based liquids. Reducing deposition times for the
AD1A series has shown transparency of up to 90% in the visible region.

Conclusion
Successful synthesis of mesoporous silica nanoparticles has been demonstrated and
characterized through solid-state NMR, FT-IR and SEM imaging. The functionalization
of the particles was confirmed with peaks at 2900 cm-1 and two small peaks 3240 cm-1
and 3360 cm-1 representing N-H stretching vibrations. This in turn aided in the dispersion
of the particles in the solvent used for the nanocomposite as well as creating additional
sites for further silane and carboxylic acid interactions.
By dispersing the functionalized mesoporous silica in PDMS cross-linked with titania,
derived in situ from titanium alkoxides precursors, a stable fluorine-free material system
was formulated for synthesis of transparent superhydrophobic surfaces. Overall, a facile
fabrication of fluorine-free superhydrophobic material with good adhesion to substrate
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has been demonstrated through AACVD, with particle concentrations being as low as 9
wt%. Compared to spin coating, this method is highly scalable and requires much lower
concentration of particles to achieve better results. The introduction of metal oxide
(titania) species into polymer matrix enhanced the durability of the coating without
diminishing desired properties with a clear indication of the formation of the desired TiO-Si bonds through ATR-FTIR indicative of metal oxide bonding to the glass substrate.
Finally, the utilization of pre-synthesized mesoporous silica particles grants further
control over surface nanoscale morphology with tunability of the size, shape and
distribution of the mesopores ex situ to the coating process.
This work demonstrates the use of a nanocomposite in AACVD which allows for further
functionality within the coating through utilization of varied particle and of different
morphologies. The resulting transparent and fluorine-free coating (AD1A15),
demonstrates potential applications in superhydrophobic windows and with further
development and testing car windshields.

Experimental
Materials
Tetraethyl orthosilicate (TEOS), titanium isopropoxide (TTIP), cetrimonium bromide
(CTAB),

sodium

hydroxide,

hydrochloric

acid,

acetic

acid,

(3-

Aminopropyl)triethoxysilane (APTES), trimethoxy(octadecyl)silane (TMODS), Sylgard
184 (PDMS) with curing agent (Dow, UK), Toluene, Ethanol. All chemicals were obtained
from Merck unless indicated otherwise and used as obtained from supplier without any
modifications.
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Particle synthesis
To obtain mesoporous 120 nm silica particles, a method presented elsewhere31 was
followed with the exclusion of dodecanol. In brief, 0.3 g of sodium hydroxide was
dissolved in 500 mL of distilled water under fast magnetic stirring of ~1000 rpm. The
basic solution was heated to 60 °C and 1 g of CTAB was added and slowly stirred until
fully dissolved at a rate of 350 rpm. It took ~30 minutes for the surfactant to dissolve.
Subsequently, 7.5 mL of TEOS was added dropwise over a 2 minutes period and the
reaction was kept under increased speed of magnetic stirring (1000 rpm) for a further 3
hours. Upon completion of the reaction, the suspension was left to cool to room
temperature and the particles were collected via centrifugation at 10,000 rpm for 15
minutes. The particles were washed with ethanol and re-dispersed in acidic alcohol (1
ml HCl in 100 mL ethanol) and stirred at room temperature for 30 min to remove the
surfactant template from the mesopores. The sample was then once more collected and
washed in ethanol before drying in an oven overnight at 80 °C.
Functionalization of the particles was achieved with APTES to enhance the dispersion
through introduction of steric and functional hindrance. As reported elsewhere,84 1 g of
particles was dispersed in 50 mL of toluene followed by the addition of 3 mL of APTES.
The suspension was heated to 80 °C and stirred for 24 h. The resulting particles were
centrifuged (10,000 rpm, 15 min) and washed with ethanol then dried at 80 °C overnight.
Nanocomposite synthesis
A one-pot approach for the preparation of the polymer-nanocomposite was designed to
simplify the coating step.85 Pre-determined concentration of APTES functionalized
nanoparticles (in w/w% of nanoparticles: PDMS) was dispersed in 20 mL toluene, 0.3 g
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acetic acid and 0.15 g TMODS with sonication for 60 minutes in cold water. The
suspension was left to reach room temperature followed by the addition of 1 g of PDMS
base agent and 0.8 mL TTIP. The colloidal suspension was stirred for 60 minutes to
homogenize the coating. A comparison coating was produced with Sylgard 184
crosslinker instead of TTIP with a ratio of 1:10 (Crosslinker: PDMS) as advised by
manufacturer.
Spin Coating
Glass substrates were coated with a 1 mL of suspension of the APTES functionalised
mesoporous silica and PDMS/Ti nanocomposite in toluene at 4500 rpm for 60 seconds
where the addition was done once the substrate reached maximum speed followed by
curing on a hot pate at 200 °C for 30 minutes. The sample was left to cool and full
characterization of surface morphology and wettability followed.
Aerosol Assisted Chemical Vapor Deposition (AACVD)
The APTES functionalised mesoporous silica and PDMS/Ti nanocomposite was also
used for AACVD. The AACVD experiments involved depositions using a cold-walled
horizontal-bed chemical vapour deposition (CVD) reactor described previously.53,55,64
For these depositions, the reactor was assembled such that the carbon heating block
was positioned above a plate (145 mm x 45 mm x 4 mm) which supported the glass
substrate 5 mm below and parallel to the carbon block. This resulted in a top-down
heating configuration. This assembly was then enclosed within a quartz tube. Once the
set reactor temperature (200, 300 or 400 oC) was reached, a PIFCO ultrasonic humidifier
(power 25 W, frequency 40 kHz) was used to form a precursor aerosol from 20 mL of
composite in toluene, which was transported to the heated substrate using nitrogen
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carrier gas (1 L/min). Depositions were carried out for various durations (15-70 min)
following which time the coated substrates were cooled under nitrogen and handled in
air.
Characterization
Surface morphology of the samples was observed using SEM. Images were obtained
using JEOL JSM-IT100. To prevent charging, samples were gold-sputtered with SC7620
mini sputter coater. The SEM images for morphologies of AACVD superhydrophobic
coatings were generated under the JSM-7600F Field Emission SEM, JEOL, Japan.
Vacuum sputtering samples with very thin gold film in order to improve the electrical
conductivity of surface. The element analysis and distribution were carried out using
energy-dispersive X-ray (EDS) Oxford instrument, the United Kingdom. Vacuum
sputtering samples with very thin carbon film.
ATR-FTIR measurements were taken using MIRacleTM single reflection horizontal ATR
accessory with a ZnSe single reflection crystal plate. The analysis was done in the range
of 400 to 4000 cm-1.
Solid-state NMR experiments were carried out on Bruker Avance 300 spectrometer with
7.05 T wide-bore magnet at ambient probe temperature. High-resolution solid-state 29Si
were recorded at 59.6 MHz using a standard Bruker 4 mm double-resonance magicangle spinning (MAS) probe. Solid materials were packed into zirconia rotors of 4 mm
external diameter and spun at the MAS frequency of 8 kHz with stability better than 3
Hz. High-resolution solid-state 29Si NMR spectra were recorded using MAS and highpower proton decoupling. Typical acquisition conditions for 29Si MAS experiments were:
29Si 30° pulse duration = 1.8 μs; recycle delay = 30 s; acquisition time = 43 ms. 29Si
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chemical shifts are given relative to tetramethylsilane (TMS). Tris(trimethylsilyl)silane
(TTMSS) was used for the chemical shift calibration, with the
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Si chemical shifts of -

9.84 ppm and -135.4 ppm relative to TMS. X-ray photoelectron spectroscopy (XPS) was
performed by Thermo theta probe spectrometer under the base pressure of 5*10-10
mbar using the monochromatic Al K-α photoelectron spectrometer with photon energy
1486.6eV. Raman spectroscopy of the coatings was conducted using Renishaw InVia
Raman microscope with a 532 nm laser. The samples were measured using sweep scan
mode with 100% laser power and scanning time of 10 seconds repeated 5 times to
improve the definition of the peaks.
X-ray photoelectron spectroscopy (XPS) was performed by Thermo theta probe
spectrometer under the base pressure of 5*10-10 mbar using the monochromatic Al Kα photoelectron spectrometer with photon energy 1486.6 eV.
For quantitative analysis of coating wettability, advancing and receding contact angles
were measured. Distilled water droplets were generated using a needle connected to a
syringe pump. The pump was run in infusion and withdrawal modes to create advancing
and receding contact angles, which were recorded using a CMOS camera connected to
a Navitar zoom lens. The recordings were digitized into still images and the images were
used to measure the advancing and receding contact angles with the help of a MATLAB
based image processing script developed in house.26
Ultraviolet-visible (UV-VIS) transmittance spectrum was recorded using two machines
due to availability. The spin coated samples were recorded using a Shimadzu UV-1800
spectrophotometer double beam instrument over a wavelength range of 400–800 nm
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whilst AACVD samples were recorded using a Shimadzu UV-2600 spectrophotometer
single beam instrument over a wavelength range of 200–800 nm.
Adhesion tests
The adhesion was tested using tape-peeling test standard described by ASTM D335909ᵋ2. The coated side of the sample had an elcometer 99 adhesive tape adhered with
the use of a 200g (2.25 KPa calculated pressure) block rolled over it twice and then the
tape was peeled off. The effects were evaluated using contact angle measurements.
Abrasion tests
The durability of the coating was evaluated using linear abrasion cycles as reported
elsewhere. In brief, the sample was placed on sandpaper (Standard glasspaper, Grit No.
240, G.C.P Silicon Carbide Waterproof Abrasive Paper Electro Coated from Sharpness)
with a weight of 100 g and moved in a linear fashion longitudinally and transversely by
10 cm in each direction. This is what is defined as a cycle. The contact angle was taken
and record after each cycle.
Self-cleaning tests
Self-cleaning applications were evaluated by dirtying the coating with graphene. The
dirty sample was placed at an angle to facilitate directional droplet rolling and a video
was recoded.

Supporting Information
The supplementary Information document contains following sections: Summary table
of fabrication techniques; TGA analysis of mesoporous silica particles; Explanation of
curing; Explanation of annealing; Raman analysis of the coatings.
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