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Abstract: A simple method to fabricate organo-modified silane coatings for water-repellent surface
modification was proposed, by using a microwave sol-gel synthesis of hybrid materials. Low-cost
fluorine-free tetraethoxysilane (TEOS) and dodecyltriethoxysilane (DDTES) were used as silane
derivatives. The organo-modified silica coatings were prepared by the drop-casting method and were
characterized by UV-VIS, FTIR spectroscopy, and AFM and SEM microscopy. The morphology of the
film show the existence of submicrometer scale roughness due to the aggregation of modified silica
nanoparticles. Contact angles of water and diiodomethane on surfaces modified with as prepared
nanostructured film were determined in order to assess the hydrophobic and oleophobic properties.
The TEOS/DDTES ratio was proved to be a crucial factor in tuning the wettability properties. The
results suggest that significant increase of hydrophobicity could be achieved by using non-fluorinated
cost-effective silica nanomaterials produced with a rapid ecofriendly method.

Keywords: organo-modified silica; highly hydrophobic coatings; contact angle; nanostructured silica
films; non-fluorinated silica coatings

1. Introduction

Functional coatings which allow modification of wetting properties have received con-
siderable attention due to the potential for various applications, such as self-cleaning, water
repellent, super dry, antifouling, anti-icing, antireflection, corrosion-resistant coatings, and
drag reduction [1-5]. Materials with hydrophobic surfaces are commonly used for resisting
water and fog condensation, but also for many other applications, including prevention of
biofilm formation [6,7]. Among special superwettability phenomena, superhydrophobicity
is the most investigated [8]. It is a biomimetic effect that can be found in different plants,
such as lotus and rice leaf, Chinese watermelon, taro plant leaf, purple setcreasea, ramee
leaf, Indian cress, or in various insects and birds, such as water striders, Diptera tabanus
chrysurus, and Homoptera [9]. Inspired by natural surfaces, scientists developed artificial
superhydrophobic surfaces with water-contact angles larger than 150°, and hysteresis
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below 10°, on which water drops exhibit an almost spherical shape and easily roll off.
The special wettability properties, i.e., superhydrophobicity, superoleophilicity, and su-
peramphiphobicity, are related to chemical composition of the surface and, at the same
time, to the morphology and textural features of the material. Combining both micro- and
nanometer-scale roughness and chemical modification of the surface is considered the
standard approach to obtain superhydrophobic surfaces [10]. Water-repellent materials
have been prepared using a large variety of inorganic and organic substances, most of
them highly nonpolar polymers with intrinsic hydrophobic properties. However, smooth
surfaces of hydrophobic materials do not exhibit a water-contact angle beyond 120° (for
fluorinated polymers). Nanostructured morphology of surfaces play a very important role
in obtaining superhydrophobicity on a solid substrate, which increased water-contact angle
higher than 150°. Thus, the fabrication of a superhydrophobic surface could be achieved
by two approaches: (i) creating a suitable roughness on a hydrophobic material, and
(i) altering the chemical properties of a rough surface by chemical modification or deposi-
tion of a hydrophobic coating [11]. The second path usually uses solid substrate with fabric
or mesh morphology that enable the suitable roughness of the surface. Thus, one of the
applications of superhydrophobic and superoleophilic coatings which attracted increasing
interest is for oil/water separating industry. Various techniques were proposed to fabricate
such filters, for example, a stainless-steel mesh functionalized with a sprayed emulsion
coating based on polytetrafluoroethylene (PTFE), adhesive, dispersant, surfactant, and
thinner or with solutions of polystyrene sprayed under specific operating conditions [12].

On the other hand, texturing the surface of non-polar materials with low surface
energy is the common approach, and various chemical and physical methods have been
proposed to obtain it. Most of the modern methods are physical, using various instruments
to produce regular patterns with a specific design, in order to maximize the formation of air
pockets under the liquid droplets deposited on the surface and reduce the contact between
the water and the material. Nano- and micro-pattering of metallic or polymeric surfaces
under laser treatment results in controlled modification of wettability, with the development
of materials with superior superhydrophobic properties. Highly defined patterns or
ripples with enhanced periodicity are obtained using ultra-short lasers that produce precise
ablation without significant thermal impact [13]. Another promising way to modify the
morphology of the surface is the etching/sputtering processes in atmospheric pressure
plasma jet [14]. These methods do not protrude into the manufacturing industry since they
involve the use of expensive, sophisticated instruments and operating infrastructure. Other
methods to obtain suitable morphology of the surfaces, also considered limited by the high
costs, are micro-machining of the injection mold or nanoimprint lithography combined
with other conventional nanopattering techniques [15,16]. The most widely used method
of forming rough surfaces due to its simplicity and cost-efficiency is the incorporation of
nanoparticles in the coating, for example, nanoparticles of oxides or natural materials, such
as cellulose [17].

Hydrophobic coatings that can be deposited on various supports to function are
obtained from film-forming materials such as surfactants, polymers, or inorganic materials.
One of the most used materials for coatings on various solid substrate is silica, which
allows the preparation of robust, functionalizable films with tunable optical and mechanical
properties. Silica films are most conveniently produced from tetraethyl orthosilane (TEOS)
as a precursor and results in a highly hydrophilic coating, exhibiting very small values of
water contact angle (close to 0°), due to the presence of hydroxyl groups on the surface
of the obtained material. The hydrophobization of such materials is achieved by using
organo-modified silane derivative into silica synthesis, thus some of the hydroxyl groups
on the surface are replaced by hydrophobic ligands and the formation of an organic-
inorganic hybrid.

Superhydrophobic coatings could be obtained from silane derivatives modified with
alkyl chains with various length and chemical structure [18]. Hydrophobic silica coat-
ings synthesized by the sol-gel method with different hydrophobic additives of alkoxysi-
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lane with alkyl chains varied from 4 to 18 show various water-contact angles rang-
ing from 30° to 120°. Xu et al. obtained transparent superhydrophobic coatings be
using 3-aminopropyltriethoxysilane functionalized with 1H,1H,2H,2H-perfluorooctyltri
methoxysilane [19]. The silica nanoparticles coated with polyimide precursor substrate
followed by hydrophobization with fluoroalkyl silane conduct to superhydrophobic sur-
faces according to Zhao et al. [20]. The use of organo-fluoride alkoxysilanes as reagent to
increase the hydrophobicity of the hybrid silica matrix results in a dramatic increase of
the contact angle (CA), up to 170°, but in the last decades are seriously questioned due to
their known carcinogenicity and negative environmental impact [21]. Thus, other silane
reagent bearing organic moieties with relative low surface energy are added in the film
synthesis, in order to develop a more environmental benign synthesis of superhydrophobic
silica-based coatings.

To obtain silica with tailored textural properties the sol-gel process to produce nanos-
tructured material is a commonly used method. Most of the conventional methods used
for producing silica nanoparticles generate particles with a broad particle size distribution,
variable morphology, and low purity. This conventional procedure involves several time-
consuming steps. Microwave heating proved to be a very efficient method for material
synthesis. Besides being an economical and easily scalable technique, it has been used,
for example, for sol-gel synthesis. The microwave heating method solves many of the
drawbacks mentioned above, due to the fine control of the reaction parameters and it could
significantly accelerate the synthesis process. For example, Zang et al. used microwave
synthesis to obtain silica-DDR zeolite, and the synthesis time was reduced from 25 days
to 2 days. This improvement can be attributed to the fast and homogeneous heating from
microwave radiation [22].

Consequently, some studies have been focused on using conventional methods for
optimizing the properties of the silica gel through aging treatments to promote the strength
of the silica network and minimize the possible network collapsing during drying [23,24].
The crosslinks produced by aging reactions can be influenced by the acidic or basic character
of a solution [25].

There are many papers available reporting the preparation of superhydrophobic sil-
ica films by sol-gel process. The introduction of organic silane derivative in the hybrid
materials can be achieved by using two methods. In the first one, the co-condensation
process of a hydrophilic silane precursor, such as TEOS with an organo-modified derivative,
is conducted in various reaction conditions, resulting in the formation of homogeneous
organic-inorganic hybrid silica matrix. In the second way, a two-step synthesis involves the
obtaining of SiO, nanoparticles and their further functionalization with the organic layer
onto the surface by the second-step hydrolysis of an organic modified silane reagent. The
hydrophobization of pristine silica nanoparticles (NPs) was performed using various meth-
ods, through sol-gel reaction conducted in normal conditions, in supercritical fluids [26], in
plasma [27], and in microwave irradiation.

Even with this background, there are few studies in the literature where this technol-
ogy has been chosen to enhance the production process of silica materials. Most studies
have used microwave heating after the gelation and curing process, where its role is re-
stricted to merely evaporating residual water from the aged gels. Only a few studies have
reported the sol-gel process being performed under microwave heating [28-30]. Other
advantages include instantaneous and precise electronic control of the reaction, fewer side
reactions, rapid volumetric heating, higher yields of products, selectivity and purity of the
obtained compounds, energy-saving, and a green chemistry approach.

In this paper, we report our study obtaining an organically modified highly hydropho-
bic silica film by microwave process. Most of the coatings used in the fabrication of superhy-
drophobic surfaces are obtained from fluorinated silanes or polysiloxane oligomers, which
are quite costly reagents. A less expensive alternative is considered the obtaining of silica
materials with alkylsilanes with various hydrocarbon chains. Various surface roughnesses
and morphology were achieved by carefully controlling the reaction condition and molar
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ratio of the selected precursors. The relationship between size particle, surface chemistry,
contact angle, and surface roughness were compared and discussed. Furthermore, static
contact angle and contact angle hysteresis were compared and discussed. Through this
study, we intend to explore the possibility of designing and creating the desired surface
roughness and, consequently, the increased hydrophobic behavior, by a simple drop casting
procedure of an organo-modified silica coating material using environmentally friendly
affordable silane precursor and microwave-assisted synthesis.

2. Materials and Methods
2.1. Materials

All the chemical reagents and solvents were commercially purchased and used with-
out further purification: tetraethoxysilane (TEOS, 98%, Sigma-Aldrich, Philadelphia, PA,
USA), dodecyltriethoxysilane (DDTES, 97%, Fluka, Philadelphia, PA, USA), ammonium
hydroxide solution (NH4OH, 35% aqueous solution, Sigma-Aldrich, Philadelphia, PA,
USA), and ethanol (EtOH, 96%, ChimReactiv SRL, Bucharest, Romania). Bidistilled water
was produced using a laboratory ultrapure water-purification system (Milli-Q® Advantage
A10, Merck Millipore, Germany).

2.2. Organo-Modified Silica Coatings Synthesis

Coating materials were prepared as hybrid organic-inorganic silica films contain-
ing silica nanoparticles further functionalized with organo-modified silane derivatives.
The synthesis was based on modified Strober method conducted in a microwave reactor.
Modified silica nanoparticles were prepared with microwave heating, using a microwave
reactor Monowave 200 (Anton Paar GmbH, Graz, Austria). The synthesis of modified
silica nanoparticles was conducted in two steps. In the first step, the silica nanoparticle
was prepared from TEOS precursor and then functionalized with organo-modified silane
precursors. The solvent mixture composed of ethanol and distilled water in an appropriate
molar ratio was prepared, followed by the addition of the ammonium hydroxide solution to
obtain an alkaline medium. The mixture is then heated at ~40 °C, under vigorous magnetic
stirring. In a typical synthesis, the required volume of TEOS in 500 puL ethanol is added to
the reaction solvent, to ensure the designated ethanol/water/TEOS molar ratio. In order
to obtain silica nanoparticles with different sizes, the TEOS and ammonia concentrations
in the reaction mixture was varied. After 5-10 min the system became slightly opalescent
which indicates the formation of the silica nuclei. The mixture was poured into a vial
and transferred to the microwave reactor. During this step, the temperature was raised
at 70 °C under fast microwave irradiation and kept for 30 min for silica nanoparticles
growth and aging. After that, appropriate amounts of the organo-modified silane precursor
were added, dropwise, to the previous silica sol to obtain the organic functionalized silica
nanoparticles. The reaction took place at a constant temperature of 70 °C for 30 min, under
magnetic stirring.

After synthesis and cooling at room temperature, the obtained materials were charac-
terized and used to prepare the protective coatings. The dispersions containing functional-
ized silica particles were deposited onto microscope glass slides as model solid substrate,
by dropping method. The glass slides were previously washed with commercial detergents,
then cleaned with hot concentrated NaOH solution to remove organic and detergent traces
and, finally, rinsed with distilled water. The films were dried at room temperature for 48 h
and then used for further characterization.

2.3. Characterization

The particle size of silica and modified silica particles were measured after their
preparation using a ZetasizerNanoZS instrument (Malvern Instruments Ltd., Malvern,
UK), without dilution of samples.
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Fourier Transform Infrared (FT-IR) spectra were recorded in the 400-4000 cm ™! range
on a Tensor 37 Bruker spectrophotometer (Woodstock, NY, USA), equipped with a Golden
Gate ATR unit.

A contact angle instrument OCA 15 (DataPhysics, Filderstadt, Germany) was used for
the evaluation of wettability properties, with water, di-iodomethane, and 1-bromonaphta
lene as reference liquids. The static contact angles of selected liquids on deposited films
were obtained by analyzing the captured images using sessile drop method at room
temperature. The reported contact-angle values were obtained as the average of five
measurements (liquid droplets placed in various regions of the film surface).

The morphology of the resulting modified silica films was studied via environmental
scanning electron microscopy (ESEM) using an FEI-Quanta 200 microscope (FEI, Eind-
hoven, The Netherlands), without coating on silica films.

Transmission electron microscopy was used to investigate the shape and size of the
obtained silica nanoparticles. The measurements were performed on a Tecnai™ G2 F20
TWIN Cryo-TEM instrument (FEI Company, Eindhoven, The Netherlands) in Bright Field
Mode, at an acceleration voltage of 120 kV. For sample measurements, 10 uL from each
of the ethanolic samples was placed on copper grids coated with a formvar/carbon film
(FCF-300-Cu-TC, Electron Microscopy Sciences, USA). The excess volume was removed
using filter paper and the thin liquid film was left to dry at room temperature.

Atomic force microscopy (AFM) measurements were performed with XE-100 (Park
Systems, Suwon, Korea) working in a true non-contact™ mode, in order to minimize the
tip-sample interaction. The XE-100 AFM was equipped with flexure-guided, cross-talk
eliminated scanners thus obtaining accurate, free-artifact images. All AFM images were
recorded with sharp tips (PPP-NCLR from Nanosensors™) with less than 10 nm radius of
curvature, 225 um mean length, 38 um mean width, ~48 N/m force constant, and 190 kHz
resonance frequency. The recorded AFM images were processed with the XEI program (v
1.8.0—Park Systems) for display purpose and roughness evaluation.

3. Results and Discussion

The silica dispersions were prepared by the modified Stober synthesis, in the presence
of ammonia as the basic catalyst. The mechanism of nanoparticle formation is based on the
hydrolysis and condensation of silane derivatives (R denote the alkyl radicals), according
the main following reactions [31]:

= SiOR + H,0 "M — si0H 4+ ROH (1)

Alcohol

= SiOR + HOSi = "M = si0si = +ROH )
Alcohol

NH,OH
_>

= SiOH + HOSi = = SiOSi = +H,0 (©)]

Alcohol

On the surface of prepared silica nanoparticles, organic groups can be introduced by
further addition of alkyl-modified silane derivatives. Those reactants can be converted in
hydrolysates under basic catalysis and condense with the silanol groups of the pristine
silica nanoparticles.

The molar ratio between the TEOS and the organically modified precursor is described
in Table 1.

The sol-gel synthesis of silica nanomaterials is performed in various conditions of
reaction (reagent concentration, solvents, and temperatures), thus the growth and matura-
tion of nanoparticles require a long period of time—up to 24 h [32]. In the present study a
rapid and facile synthesis of such material is proposed, by using microwave irradiation to
boost the processes involved in 5iO, formation.

Silica nanoparticles with various sizes and size distribution were obtained, as is
determined from DLS measurement, summarized in Table 2.
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Table 1. Composition of silica-based nanocoatings.

Sample Molar Ratio Molar Ratio
TEOS:NH;OH:H,0 TEOS:DDTES

SiO,-1 1:3.4:15.2 -
Si0,-1-Orgl 1:3.4:15.2 1:20
Si0,-1-Org2 1:3.4:15.2 1:10
5i0;-1-Org3 1:3.4:15.2 1:5

Si0,-2 1:12.7:57.3 -
Si0,-2-Orgl 1:12.7:57.3 1:20
Si0,-2-Org2 1:12.7:57.3 1:10
Si0,-2-Org3 1:12.7:57.3 1:5

Table 2. Size and size distribution of silica dispersion obtained in the microwave-assisted method.

Average Size

Sample PdI Observation
(nm)

SiO,-1 189.5 0.005 Monomodal distribution
5i0;-1-Orgl 189 0.095 Monomodal distribution
Si0,-1-Org2 194.1 0.045 Monomodal distribution
5i0,-1-Org3 201 0.032 Monomodal distribution

Si0,-2 393.9 0.056 Monomodal distribution

. Bimodal distribution
510,-2-Orgl 3% 0211 Additional peak at ~5000 nm
5i0,-2-Org2 406.3 0.145 Monomodal distribution
Si0,-2-Org3 427.4 0.057 Monomodal distribution

By altering the molar concentration of TEOS, NH,OH, and solvent EtOH /water, NPs
with average size approximately 200 nm and 400 nm, respectively, were obtained. The
average diameter of S5iO, NPs increase when organic coating is formed during the second
step of reaction involving hydrolysis of dodecyltriethoxy silane derivative (Table 2). As is
expected, the particles’ size increase with increasing concentration of NH4OH and water in
the reaction mixture.

The sol-gel synthesis performed under microwave irradiation results in remarkable
monodispersed particles for all samples, according to the polydispersity index (PdI) values,
which range from 0.005 to 0.211. A representative DLS diagram is shown in Figure 1, for
samples prepared at molar ratio TEOS/NH4,OH/H,0 =1/12.7/57.3.
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Figure 1. Size distribution of unmodified SiO, dispersion (SiO,-2 black) and for organo-modified SiO, dispersions:
5i0,-2-Orgl (green), SiO-2-Org2 (blue), and SiO;,-2-Org3 (purple).

The DLS diagrams show monomodal distribution, with no additional signals present,
with the exception of sample SiO,-2-Org2, which shows a second population with average
diameter of 5000 nm, probably some aggregates, as a negligible per cent of 1.8%.

The dimension of NPs and the monodispersity of samples are confirmed by the
analysis of the TEM images (Figure 2).

The obtained SiO, NPs are spherical in shape, with smooth surface and exhibit uniform
size that confirm the DLS data. In the case of samples prepared with adding organo-silane
DDTES, a distinct organic shell is observed, with increasing thickness when TEOS:DDTES
ratio increase (approximately 10-15 nm for the sample SiO;-1-Org3 prepared with highest
TEOS:DDTES ratio of 5:1).

The presence of the organic layer from the alkyl modified silane reagent was evidence
from the FTIR analysis. The FTIR spectra of silica samples are presented in Figure 3.

Similar peaks are evidenced in both series of silica dispersion prepared in various
molar ratio of silane and organo-modified silane reagents. From the FTIR spectrum strong
Si-O-5i asymmetric stretching and C-O stretching vibration were observed between 1000
and 1300 cm ™!, which is the structural backbone of the organic-inorganic hybrid silica
material. The band at intermediate frequencies at 791 cm ! can be attributed to symmetric
stretching motions of the oxygen atoms, and also from the SIOCH,CH3 group due to incom-
plete hydrolysis of TEOS. The absorption infrared spectrum of the dodecyltriethoxysilane
shows strong peaks at 2923 and 2857 cm ™!, which were assigned to the C-H asymmetric
and symmetric stretching of aliphatic CH; groups, respectively, in the aliphatic chain of
the organosilane [33].

The spectrum exhibits an O-H stretching region around 3200-3500 cm !, which is
represented by a broad band, due to the free vibration of OH groups and hydrogen bonded
OH groups. The SiO-H stretching of surface silanols hydrogen-bonded to molecular water
were indicates in the FI-IR spectra around 3740 cm ™! [33]. Also, in Figure 3 it could be
observed that by increasing the dodecyltriethoxysilane concentration the specific C-H
asymmetric and symmetric stretching bands are more intensive.

Then translucent organic-inorganic hybrid silica sol was dropped onto the glass slide
as a model solid substrate, to produce the nanostructured deposited films. It is presumable
that silica nanoparticles interacted with the substrate by forming hydrogen bonds with
hydroxyl groups on the glass surface.
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Figure 2. TEM image of silica and organically modified silica SiO;-1 (a), SiO;-1-Orgl (b), SiO;-1-Org2 (c), and SiO,-1-

Org3 (d).

The special wettability properties of surfaces, i.e., superhydrophobicity and superoleo-
phobicity, results from the combination of three factors: (i) intrinsic hydrophobicity of the
surface material, which need to possess low surface tension, (ii) surface roughness, and
(iii) the biomimetic topography of the surface with hierarchically nano/micro architecture.
The superoleophobic and superamphiphobic properties could be achieved only when the
third factor is present, while superhydrophobic behavior is shown often when low surface
tension materials are combined with suitable roughness of the substrate.

Thus, the morphology of the deposited hybrid nanocoatings was investigated by
scanning electron microscopy. Representative images are shown in Figures 4 and 5 for
samples prepared at low and high concentration of ammonia and water, respectively, with
different TEOS-organosilane ratio.
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Figure 3. FTIR spectra for pure silica and organically modified silica obtained at various EtOH:water:NH4OH molar ratio:
Series TEOS:NH,OH:H,O = 1:3.4:15.2 (a); Series TEOS:NH,OH:H,O = 1:12.7:57.3 (b).
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Figure 4. SEM image of silica and organically modified silica prepared at TEOS:NH4OH:H,O ratio of 1:3.4:15.2. SiO,-1
(a), 5i0,-1-Orgl (b), SiO,-1-Org2 (c), and SiO,-1-Org3 (d).
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Figure 5. SEM image of silica and organically modified silica prepared at TEOS:NH,OH:H,O ratio of 1:12.7:57.3. 5iO,-2
(a), 5i02-2-Orgl (b), SiO,-2-Org2 (c), and SiO,-2-Org3 (d).

The hydrolysis of pure TEOS results in obtaining spherical silica. Small SiO, NPs
obtained in samples synthesized with the TEOS:NH,OH:H,O ratio of 1:3.4:15.2 form a
rather coherent film, with a dense packing of particles (Figure 4a), while in the case of larger
particles a certain tendency of aggregation in the deposited films is shown. Agglomerates of
these particles could be observed in SEM images (Figure 5a). In Figure 4b—d for all samples
with organo-silane derivative formation of large island of agglomerated nanoparticles are
present. No silica entities with shape other than spherical are present, even in sample
5i0,-1-Org3, which contains the largest amount of dodecyl triethoxysilane precursor.

The synthesis used in the present study, in two steps, involving the formation of silica
NPs from TEOS in the first step, followed by the growth of the organosilane shell in the
second one, results in a matrix of spherical particles closely packed, as is evidenced in all
SEM images. The co-condensation of mixtures of TEOS with organo-modified silane deriva-
tives leads to a variety of morphologies, from large aggregates with irregular shapes to
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quasi-uniform smooth surfaces [34,35]. Thus, in this case it become very difficult to control
the roughness of the deposited film and consequently, to control the wettability changes.

In SEM images recorded for the series with larger particles, a more regular deposition
of particles is observed. In general, with the increase of the organo silane derivative
content, the coating surface tends to became smooth [36], but in our study even at the
highest DDTES ratio the nanostructured morphology is still clear.

The topography and roughness of the deposited organo-modified silica films were
also investigated by AFM and the results are shown in Figures 6 and 7.
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Figure 6. AFM images of silica and organically modified silica. SiO5-1 (a), SiO;-1-Orgl (b), SiO,-1-Org2 (c), and SiO,-1-

Org3 (d).
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Figure 7. AFM images of silica and organically modified silica. SiO,-2 (a), SiO;-2-Orgl (b), SiO,-2-Org2 (c), and SiO,-2-

Org3 (d).

Figure 6 presents three-dimensional topographic AFM images recorded at the scale
of (2 x 2) um? of the glass substrate coated with silica and organically modified silica
(5i0,-1 series of samples with small particles). In Figure 6a, where the glass is covered
with unmodified silica, it could be observed uniform and compact quasi-spherical SiO,
particles. The uniform aspect of the surface particles suggests the self-assembling character
of the silica particles dispersed in an aqueous solution of ethanol. The SiO, particles
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from Figure 6a appears to be flat due to the presence of a deep hole (~300 nm depth),
visible as a dark spot in the middle, upper part. The morphological features for the
organically modified silica films (Figure 6b—d) reveal a corrugated topography wherein air
bubbles could be embedded. Figure 6b exhibit the topography of the S5iO,-1-Org1 silica
coated particles, which completely differs from the topography of uncoated silica particles
in Figure 6a. Figure 6b shows bigger organic-coated silica particles with a wavy-like,
expanded aspect. This is well reflected by the surface profile (line-scans) plotted in the
graphs below the 3D AFM images. Thus, most of the surface features of unmodified silica
particles are located in a vertical domain (Az) of 20 nm (from —10 to 10 nm), while for the
5i0,-1-Orgl silica organo-modified particles, the Az interval equals ~250 nm, which is
one order of magnitude higher (from —150 to 100 nm) than the profile of silica particles.
The associated root mean square (RMS) roughness along the depicted line scans are 6.3
nm for the unmodified silica and 70.9 for SiO;-1-Orgl sample. By increasing the organic
content in the silane derivative ratio, in comparison with 5i0,-1-Orgl, the expanded aspect
of the surface is decreased, the SiO,-1-Org2 sample increasing its uniformity (Figure 6c¢),
as suggested also by the line-scan (surface profile) depicted below the corresponding 3D
AFM image. The RMS roughness along the selected line-scan is 20.5 nm (app. 3.5 lower
than the roughness along the line selected for SiO,-1-Orgl sample). Further increasing the
organic content in the sample in comparison with Si0O,-1-Orgl, the functionalized silica
particles tend to increase their lateral adhesion locally, leaving some depressions between
the packed parcels. In agreement with the line-scan from Figure 6d, the particles appear
smaller, but waved, thus leading to a roughness value of 33.8 nm along the plotted line.

Figure 7 shows the AFM images of the second series (S5iO,-2) of silica and organically
modified silica particles with higher particles. As a distinct feature, it can be observed
from Figure 7a that much bigger silica particles resulted from this preparation route, the
quasi-spherical unmodified silica particles having two to three times higher diameters than
Si0;-1 series. The corresponding roughness along the plotted line scan is 23.6 nm, almost
four times bigger than the one noted for unmodified SiO,-1 particles. Most probably that
the shape and dimension (in other words peculiar roughness) will strongly influences the
organics adherence to the silica particles. Thus, for sample SiO,-2-Org1 with little organic
content (Figure 7b) it is suggested (by both AFM image and corresponding line scan) that
the silica particles are coated with a thin layer of organic, probably the rest of the organics
being segregated in other areas on the surface (see, for example, the bottom part of the
AFM figure). The RMS roughness along the line-scan depicted in Figure 7b is 23.9 nm. By
increasing the organic content by half, most probably that equilibrium between the organics’
viscosity and hydrophilicity of the SiO,-2 particles is reached, as the silica particles appear
to be embedded in the surrounding organics (Figure 7c). The shapes of the silica particles
are still discernible, protruding from the organic coat, but the roughness is decreased
to 11.7 nm. Finally, by further increasing the organic content (sample SiO,-2-Org3), the
organic coat again becomes discontinuous, a part covering the individual silica particles,
and another located mainly between the silica particles, and some rests being visible on the
surface of individual silica particles (Figure 7d). The corresponding roughness along the
line from Figure 7d is 58.9 nm, the largest in this series.

In Table 3 the roughness measurements of silica films are summarized.

Usually when alkyl silane derivatives are added to produce silica hybrid films, the
roughness of the surfaces decreases with the increase of organic content. In our study
no trend could be established between the DDTES content and roughness index, since
the amount of added organic silane reagent is very low and the final morphology of the
film is the results of interplay of many factors, such as aggregation behavior of SiO, NPs
according to their size and degree of organic coverage.
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Table 3. Roughness values of hybrid silica coatings at various TEOS/DDTES ratios.

Roughness
Sample
Rq (nm) Ra (nm)

5i0,-1 24.340 £ 1.46 8.930 £ 0.53
5i0,-1-Orgl 64.142 +7.05 48.927 £4.72
Si0,-1-Org2 32.949 £+ 1.87 25.240 + 1.06
Si0,-1-Org3 114.982 + 10.92 82.601 + 7.02

5i0,-2 27.644 £+ 1.67 20.767 £ 0.73
Si0,-2-Orgl 41.737 £3.71 31.771 £ 1.17
Si0,-2-Org2 10.181 4 0.63 7.657 £0.18
5i0,-2-Org3 55.416 + 4.38 40.285 £ 1.61

The homogeneity of unmodified and modified silica assemblies consisting of different
sizes of silica nanoparticles was verified using scanning (SEM), transmission (TEM), and
AFM microscopies. SEM imaging revealed undulated surfaces due to the nanoparticles’
assemblies. The surface morphology and roughness information was obtained by AFM
which demonstrated that by simply varying the silica nanoparticles’ size and amount of
organic compound, the surface topography on the nanometer length scale can be altered.
Furthermore, increasing the amount of organic compound, results in a corresponding
variation of the roughness values, depending both on peculiar roughness (shape and
dimensions) and chemical interactions between silica particles and surrounding organics.
All modified silica films reveal an irregular morphology consisting of hills and valleys.

The wettability properties of the deposited films were evaluated from the values of
contact angles (CA) using water as polar reference liquid (surface tension 72.8 mN/m) and
diiodomethane and bromonaphtalene as two nonpolar liquids (surface tension 50.8 and
44 4 mN/m, respectively). The Wenzel model describe the wettability of the rough surface
in terms of “real” or “Wenzel” contact angle 6,, related to the ideal CA (“equilibrium”or
“Young”), denoted 0y measured on smooth surface by the following equation:

cos By, =1-cos By 4)

where r is the dimensionless roughness factor computed as the ratio of real surface area to
the geometrical projection (area of the ideal flat surface).

According to the Wenzel model, for the hydrophobic materials that possess CA larger
than 90° on smooth surfaces an increase of contact angle occurs when the real surface area
increases, thus the roughness factor r is larger than 1. However, recent researches reveal
the limitations of Wenzel and other current models, which are not actually able to predict
the suitable variation of roughness to obtain a desired contact-angle value [37].

In spite of many efforts to adjust the theory by analyzing the free energy of the wetting
process in various conditions of droplet size and geometric description of the surface, few
results are acquired that fit the experimental data on non-uniformly rough surfaces.

The contact angle measured on various silica coatings deposited on glass are summa-
rized in Figure 8.

As is expected, samples 5iO,-1 and SiO;-2, prepared only from TEOS as silane pre-
cursor show very low water-contact angles (22.5° and 12.8°, respectively) with similar
values regardless of the size of the silica nanoparticles that form the nanocoatings. The
hydrolysis of TEOS leads to the formation of many hydroxyl groups on the surface of
the material, thus exhibiting a highly hydrophilic behavior. The further condensation of
organo-modified derivative DDTES onto the pristine silica nanoparticles results in the
replacement of hydroxyl groups with alkyl ones, and the transformation of the surface in
a hydrophobic one. A significant increase in the water CA values is obtained in samples
with dodecyl triethoxysilane, ranging from 131.6° to 146.8° (close to the superhydrophobic
regime >150°). It is noted that CA values are higher for the series S5iO,-2-Org with larger
particles compared to the ones for series S5iO,-1-Org, with smaller particles. The packing
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pattern of the small particles is less ordered, generating more random spread aggregated
on the surface during the film deposition. Again, no direct correlation could be found
between the content of organo-modified silane, roughness, and water-contact angle values.
However, the highest hydrophobicity (contact angle of 146.8°) is obtained for the sample
with the highest roughness index and highest value of TEOS/DDTES ratio (5/1). The
crucial factor in fabrication of highly hydrophobic materials remains the topography of the
surface. Contact-angle values for water ranging from 140° to 150° are reported on materials
obtained from hybrid TEOS-alkylsilane sols when the co-condensation method was used
only for high content of organo-modified derivative (from 40% to 75%) [34]. Simultaneous
addition of methyl triethoxysilane or octadecyl triethoxysilane derivatives in TEOS reaction
mixtures leads to the formation of hybrid materials with large non-spherical entities that
produce a rather flat film when deposited on solid substrate.
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Figure 8. Variation of contact angle values for water, diiodomethane, and bromonaphtalene on silica samples prepared with
different TEOS/DDETS ratio: Series TEOS:NH,OH:H,O = 1:3.4:15.2 (a); and Series TEOS:NH,OH:H,O = 1:12.7:57.3 (b).

Thus, in this work a simple method to fabricate cost-effective highly hydrophobic
coatings, with CA value ranging from 133° to 146° was proposed, using reduced amount
or organic modified silica derivative.

The contact angle values for liquids with low surface energy (non-polar liquids)
decrease drastically on flat hydrophobic surfaces, compared to water. The amphiphobic
property, i.e., the ability to repel both hydrophilic and hydrophobic liquids, is one of the
most desired behaviors of material with special wettability. The medium polar and non-
polar tested liquids (diiodomethane and bromonaphtalene) exhibit low values of contact
angles, thus the obtained silica materials do not exhibit amphiphobic properties. The
contact-angle values of diilodomethane on coatings prepared from series 5iO,-1 are found
to be in the range 49-58° and in the range 42-53° for series SiO,-2, respectively. For the
most non-polar liquid bromonaphtalene the CA obtained are even smaller, between 14-39°
on the coatings from samples with smaller particles (series SiO,-1) and between 16-26° for
coatings prepared from silica sols for series 5iO,-2.

The topography of surfaces, with quasi ordered packing of SiO, NPs and rare sub-
micronic aggregates is not enough structured hierarchy to produce a suitable degree of
roughness, able to generate amphiphobicity.

The organo-modified SiO, nanohybrid produced by a simple, rapid synthesis, without
a sophisticated method to texturize the surface seems to be a promising coating with highly
hydrophobic properties, suitable for usual industrial applications.

4. Conclusions

The complicated fabrication processes, expensive instruments for production of tex-
tured surfaces, the requirement for high-cost fluorosilane modification, time-consuming
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deposition procedures are some of the major drawbacks in the practical application of
superhydrophobic materials. In this paper a simple and effective method to fabricate highly
hydrophobic coatings via microwave process of TEOS-organically modified on glass model
substrates was presented. To the best of our knowledge, this is the first study on the use of
dodecyl triethoxysilane (DDTES) as a hydrophobization reagent in obtaining of organic-
inorganic hybrid in sol-gel synthesis conducted in a microwave reactor. Tuning the size of
the silica NPs and the ratio between TEOS and organo-modified silane precursor highly hy-
drophobic coatings could be obtained with a reduced amount of affordable non-fluorinated
silane derivative. Two series of samples were investigated, with different average size of
NPs, approximately 200 nm and 350 nm, respectively. Various surface roughnesses and
morphologies were achieved by carefully controlling the reaction condition and molar
ratio of the selected precursors. Scanning electron microscopy (SEM), transmission electron
microscopy (TEM), and atomic force microscopy (AFM) reveal that SiO, NPs spherical in
shape and monodispersed were obtained in all cases. The deposited films contain closely
packed particles and, in some cases, aggregates that produce rough surfaces, responsible
for the high values of contact angles (up to 146°) obtained even at a low degree of organic
content in the hybrid materials.

Compared with other hydrophobic surfaces reported in the literature, this feasible
and simple method makes it easy to prepare highly hydrophobic coatings on a large scale
and will lay a foundation for the development of many high-performance surfaces for
industrial use in self-cleaning glasses.
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