Iranian Journal of Materials Science and Engineering, Vol. 19, Number 3, September 2022

RESEARCH PAPER

Facile Preparation and Characterization of SiO; Nano-Size Particles: a Study
on the Relation Between Contact Angle and Different Processing Parameters

S.M. Alduwaib*, Muhannad M. Abd, Israa Mudher Hassan

* Salah.aldin@uomustansiriyah.edu.iq

Department of Science, Collage of basic education, Mustansiriyah University, Baghdad, Iraq

Received: March 2022 Revised: June 2022

DOI: 10.22068/ijmse.2732

Accepted: July 2022

Abstract: Superhydrophobic materials with contact angle higher than 150°, are very important for researchers. In
this research, silica nano-size powders were synthesized using an inexpensive sodium silicate source and a very
simple and facile method. Synthesis of hydrophobic solution was carried out by sol-gel method. The surface
modification of silica nano-size powders was achieved using different silane/siloxane polymers after which, they
were deposited on glass slides. XRD, FESEM, EDX, TEM, FTIR, and Raman analysis were used in the
characterization of resulting samples. The XRD results showed a very wide peak around 2 0= 24.7° indicating the
amorphous nature of the silica particles. The results also confirmed the synthesis of silica nano-size powder with
the size of less than 25 nm. The EDX spectrum showed only the presence of Si and O in the structure and no other
elements were visible in the spectreum. The contact angle between water droplet and thin films was measured and
the effect of different synthesis parameters on the contact angle was studied. Among the studied polymers and
solvents, the most hydrophobicity was obtained using TMCS polymer and xylene solvent. The optimized sample had

a maximum contact angle of 150.8°.
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1. INTRODUCTION

Today, the production of superhydrophobic
coatings,  considering  their = widespread
applications, are very important for researchers.
Superhydrophobic coatings are used for self-
cleaning surfaces, solar panels, water-resistant
coatings on car glass, anti-fog surfaces, and
antifreeze [1-5]. Superhydrophobic materials are
those with contact angle higher than 150 degrees
[6]. Among hydrophobic compounds, the use of
compounds based on silica nanoparticles is more
common [7-11]. The challenge which exists using
these materials is that the presence of -OH polar
groups in these structures causes hydrophilic
properties. Therefore, it is necessary for H, which
exists in Si-OH groups, to be replaced with Si-R
groups to prevent water absorption and create
hydrophobic properties [12].

For the production of silica nanopowder, TEOS
precursor is usually used, which is expensive [13-
17]. There have been reports of the synthesis of
silica nanopowder using sodium silicate, which is
very inexpensive [18-20]. To remove the sodium
ion, present in sodium silicate, the reaction is
performed in an acidic [20] or alkaline
environment [18].

Superhydrophobic surfaces usually have high

surface roughness and low surface energy [21].
Researchers have used various methods to
synthesize hydrophobic surfaces such as phase
separation [22], chemical etching [23], sol-gel
process [24], plasma treatment [25], and laser
fabrication [26]. In this study, sodium silicate,
which is inexpensive and available, was used as a
precursor for the synthesis of silica nanopowder
in an acidic environment. The synthesis was
carried out by sol-gel method, which can be
produced on a large scale. Optimization of
effective parameters in surface hydrophobicity
was performed completely and comprehensively.

2. EXPERIMENTAL PROCEDURES

2.1. Raw material

Liquid sodium silicate, hydrochloric acid,
ethanol, isopropyl, toluene, xylene, n-hexane,
Chlorotrimethylsilane (TMCS), Methyl-
trimethoxysilane (MTMS), Polydimethylsiloxane
(PDMS), and Decamethylcyclopentasiloxane
(DS5) were purchased from Sigma-Aldrich. All raw
materials used are of high purity and were used
without further purification.

2.2. Synthesis of Silica Nanopowder

First, 400 ml of liquid sodium silicate was mixed
with 80 ml of hydrochloric acid. HCl was
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gradually added to sodium silicate and stirred
continuously to form a uniform yellow gel. The
resulting gel was left for 24 hours. It was then
washed several times with hot distilled water and
filtered to completely remove the sodium chloride
salt produced. The obtained powder was dried in
an oven at 50°C for one hour. The final powder
was characterized using XRD, FESEM, TEM,
EDX, FTIR, and Raman tests.

2.3. Surface Modification of Silica Nanoparticles

0.3 g of the silica nanopowder, produced in the
previous step, was mixed with 10 ml of solvent
and placed in ultrasonic for 10 minutes to become
a gel-like state. 1 ml of silane or siloxane
polymers was added to the silica gel and stirred
for 30 minutes at 60°C.

2.4. Production of Hydrophobic Thin Films

The solution obtained in the previous step was
applied on glass slides using a brush. The layers
were then dried at ambient temperature. This step
was repeated 5 times to create a more uniform and
thicker coating. To evaluate the hydrophobic
properties, contact angle test was taken from the
final layers.

To optimize the hydrophobic properties of the
synthesized thin films, the effect of various
parameters (type of polymer, type of solvent,
amount of silica nanopowder, amount of polymer
and drying temperature of the layers) was studied.

2.5. Characterizations

To investigate the synthesized silica nanopowder,
X-ray diffraction (XRD) apparatus with D8
Advance Bruker YT model was utilized using
CuKoa radiation with wavelength of A= 1.5418A°
at values of 20 between 5 and 80 degrees. In order
to study the size and shape of the grains, TEM
images were prepared using Transmission electron
microscopy (TEM) apparatus with EM 208S
model (100 KV). For studying the morphology and
chemical analysis of silica nanopowder, a field
emission scanning electron microscope (FESEM)
apparatus with MIRA3 TESCAN-XMU model
equipped with analysis (EDX) was utilized. Non-
conductive materials must be coated with
conductive materials before imaging. For this
purpose, the synthesized silica nanoparticles were
coated with gold and then scanned.

Raman spectroscopy was performed by Confocal
Raman Spectroscopy apparatus with Lab Ram
HR model, manufactured by Horiba, Japan. The
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Fourier transform infrared spectrometer (FTIR)
with Nicolet AVATAR370 equipment model in
the range of 400-4000 cm' was used to
investigate the chemical bonds of the synthesized
powder. To evaluate the self-cleaning properties
of the samples, the contact angle of water droplets
on the thin films was measured using a digital
camera with AM-7013MZT model from Dino
Lite Company in Taiwan. Water droplets were
placed in five different positions for one sample
and its mean was considered as the contact angle.

3. RESULTS AND DISCUSSION

3.1. Morphological Characteristics of Silica
Nanoparticles

Figure 1 shows the XRD pattern of silica
nanoparticles. The XRD spectrum indicates that
they, which synthesized by sol-gel method, are
amorphous in nature. The XRD spectrum
represents a very wide peak specified at 26=24.7°
which indicates the amorphous nature of the silica
particles. In the XRD pattern illustrated in
Figure 1, the wide peak indicates a high
percentage of amorphous silica particles [27]. The
26 value shown in the XRD spectrum results was
compared and verified using the standard JCPDS
file, and the XRD result obtained is consistent
with the JCPDS file (1711-79). Hence, the XRD
results confirm that the synthesized material is
amorphous silica particles. FESEM was used to
study the morphology of SiO. nanoparticles
synthesized by sol-gel method.
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Fig. 1. X-ray diffraction pattern (XRD) of SiO,
nanoparticles.

The results of the FESEM analysis of surface
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morphology on synthesized silica nanoparticles
are illustrated in Figure 2 (a). As shown in the
figure, the powder contains spherical and
completely dense particles. The borders are
distributed in the form of discrete structures. The
resulting powder is in a network texture with
pores. The average physical size of pores is
approximately 20-25 nm. Figure 2 (b) shows the
EDX spectrum of the synthesized silica
nanoparticles. The EDX results confirm the
presence of strong signal properties of primary
silica.

EDX also indicates the presence of O and Si
elements without impurity, which confirm the
formation of SiO, nanoparticles. Silica
nanoparticles show an optical absorption band
peak of about 1.8 KeV related to Si element. Sajid
and Divasna reported that a strong Si peak
occurred at 1.8 KeV, and they also observed O and
C elements in the EDX spectrum [28].

Figure 3 shows the FTIR spectrum of silica
nanoparticles. According to this spectrum, 760
and 498 cm! bands are assigned to Si-O-Si tensile
and Si-O-Si bending respectively [29]. The
absorption bands at 1112 cm™ are because of the
siloxane vibrations of the (SiO), groups [30].
3443 and 1634 cm! peaks are attributed to the
O-H tensile bond of the surface of silanol groups
and residues of adsorbed water molecules [31].
The Raman spectra of silica nanoparticles are
illustrated in Figure 4.

1000

Raman analysis of amorphous silica showed that
the spectrum can be characterized in three
different areas, a strong polar band at 498 ~ cm’!,
then a group of bands of about 795 cm™ with
moderate intensity, and some weak bands at 1050
and 1200 cm™!. However, the spectrum was
basically dominated by a wide band, which was
about 498 cm! and this was the main area of glass
[32]. In this low-frequency area, the band was
because of the vibration and bending of the Si-O-
Si bond in the SiO; tetrahedral. In silica Raman
spectrum, two small and sharp bands in 598 cm™!
and 690 cm ™! were placed on 498 cm™! band.
These two peaks may be attributed to the three-
and four-membered silicon and oxygen rings
(siloxane rings) in the silica lattice, respectively,
or may be due to a structural defect associated
with the breaking of Si-O-Si bonds in the silicon
lattice (Broken bond model) [33-35]. In fact, the
bands in this low-frequency area, that is, the
bands located between 400 and 700 cm™!, were all
associated with the bond between Si-O-Si
tetrahedral.

The bands in the high frequency area near 1050
cm! and at 1200 cm' are because of the
symmetrical traction of silicon and oxygen on the
tetrahedral of silicate with oxygen atoms [32]
Figure 5 shows the TEM micrograph of
amorphous silica. TEM analysis also replicates
the spherical shape of SiO, nanoparticles, and
smaller SiO; particles cluster to form larger SiO»s.
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Fig. 2. (a) FESEM images of SiO, nanopowder (b) analysis of EDX of SiO, nanopowder.
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Fig. 3. FT-IR spectra of silica nanoparticle.
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Fig. 4. Raman spectra of amorphous silica
nanopowder.

The TEM image also confirms the presence of
accumulated SiO; nanoparticles.

Apart from the spherical morphology of silica
nanoparticles, the cocoon-shaped morphology is
also observed in the figure. The shape of cocoon
originates from the arrangement of spherical SiO»
particles together which leads to the accumulation
of larger silica particles [36]. The grain size of the
nanoparticles, according to the figure below, is 50
nm.

3.2. Investigation of Hydrophobic Properties
and Optimization of Parameters

If the contact angle between the three phases of
solid, liquid, and gas is less than 90 degrees, the
surface is called hydrophilic, which the surface
energy of hydrophilic surfaces is very high. While
if the contact angle at the point of the contact of
liquid drop with solid surface is more than 90
degrees, the surface is called hydrophobic, which
hydrophobic surfaces have very low surface
energy [6].

To measure the contact angle of the synthesized
thin films, an imaging of a 2 pl droplet with a
magnification of 50 at 20°C was performed, the
results of which are shown in Figures 6 to 11.
Figure 6 indicates the effect of using different
polymers on the contact angle of the synthesized
thin films. The sample is SiO; without the use of
polymer and its contact angle is 74 degrees. When
using MTMS and D5 polymers, the contact angle
is reduced and the surface is hydrophilic.
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However, if PDMS and TMCS polymers are used,
the contact angles are 135.5 and 146 degrees,
respectively, ~which indicates the high
hydrophobicity of the surface. Therefore, among
the studied polymers, the most hydrophobicity
was obtained using TMCS polymer, so in the
continuation of the optimization steps, TMCS
was used to synthesize all samples.

The red rectangles in the Figure 6 show the
standard deviation. Since the solution is applied
uniformly on the substrate, a slight standard
deviation is observed in the results. According to
the researcher’s results, methyl groups (CHs)
don’t increase hydrophobicity, but increase
hydrophilicity [37]. By comparing the chemical
formula of TMCS, PDMS, MTMS and DS5
polymers, it is determined that TMCS has the
lowest number of methyl groups and therefore the
highest contact angle and the highest
hydrophobicity have been obtained using this
polymer.
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Polymer
Fig. 6. Comparison of the effect of using different
polymers on the contact angle of synthesized thin
films. The red rectangles show the standard deviation.

At this stage, the effect of different solvents on the
contact angle of the produced thin films was
investigated. The studied solvents were n-hexane,
ethanol, toluene, isopropyl, and xylene, the results
of which are shown in Figure 7. As shown in this
Figure, the use of n-hexane solvent caused the
surface to become superhydrophilic (contact
angle close to zero) and the xylene solvent caused
the superhydrophobic surface to be produced at
an angle of 146.9 degrees. Therefore, the best
solvent for creating hydrophobic properties is
xylene so that in the continuation of the sample

making process, xylene solvent was used to
produce the next samples.
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Fig. 7. Investigation of the effect of using different

solvents on the contact angle of the produced thin
films. The red rectangles show the standard deviation.

Free branches are positively or negatively
charged molecules and are therefore hydrophilic
because they are adsorbed to polarly charged
water molecules [38]. Examining the chemical
structure of the solvents used in this study, it is
observed that the number of free branches of these
solvents that can adsorbed to water for xylene,
isopropyl, toluene, ethanol and hexane solvents
are equal to 2, 3, 3, 6 and 14 branches. Therefore,
xylene, which has the lowest number of free
branches, has the most hydrophobic properties,
and hexane, which has the highest number of free
branches, is completely hydrophilic.

Xylene is illustrated in Figure 8. As shown in the
figure, the amount of contact angle increases with
the addition of silica from 0.1 to 0.3, and the
amount of contact angle decreases with increasing
nanoparticles from 0.3 to 0.4. Therefore, the use
of 0.3 g of silica caused the maximum amount of
contact angle. Silica nanoparticles without
surface modification are hydrophilic. By adding
various polymers and modifying the surface, SiO»
nanoparticles show hydrophobic properties. As
described in the experimental section, 1 ml of
TMCS polymer was added to the silica gel, which
seems to be sufficient to modifying the surface of
0.3 g of'silica.

By increasing the amount of silica to 0.35 and 0.4
g, some silica nanoparticles remains in the
solution which has not been modified and
therefore are hydrophilic. Therefore, this causes
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the reduction of the contact angle by increasing
the amount of silica to more than 0.3 g. In the
continuation of the parameter’s optimization, 0.3
g of silica was used in the synthesis process.
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Fig. 8. Investigation and comparison of the contact
angle between water droplet and TMCS-modified
silica thin films dissolved with xylene with different
amounts of silica nanopowder. The blue rectangles
show the standard deviation.

In the fourth step, the amount of TMCS polymer
was optimized. TMCS was selected as 0.5, 1, 1.5,
and 2 ml. The results of contact angle
measurements are shown in Figure 9. The best
result was obtained using 2 ml of TMCS, where
the contact angle between the water droplet and
the thin film is 150.2 degrees, which indicates the
production of a superhydrophobic surface. In the
next step, 2 ml of TMCS was used to synthesize
thin films.

In the final step, 0.3 g of silica, 2 ml of TMCS,
and xylene solvent were used to synthesize the
thin films. After synthesizing the hydrophobic
solution and applying it on glass slides, the
synthesized layers were placed at different
temperatures namely 20, 60, 100, 140, 180, and
220°C.

The effect of temperature on the contact angle of
the synthesized thin films was studied and the
result is reported in Figure 10. According to this
Figure, all samples have a contact angle higher
than 140 degrees and the difference between the
samples is very small. As the temperature
increases, the value of the contact angle
decreases.
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Fig. 9. Investigation and comparison of the contact
angle between water droplet and TMCS-modified
silica thin films in the presence of different TMCS
amounts. The red rectangles show the standard

deviation.
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Fig. 10. Investigation of the effect of temperature on
the contact angle of synthesized thin films. The blue
rectangles show the standard deviation.

As the temperature increases, the hydrophobic
interactions changes and the hydrophobicity
decreases. Similar results have been reported by
researchers [39]. The sample synthesized at
ambient temperature (20°C) has a maximum
contact angle of 150.8 degrees. The image of the
water droplet on the TMCS-modified silica thin
film at ambient temperature is shown in
Figure 11.
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Fig. 11. Contact angle between water droplet and
TMCS-modified silica thin film.

4. CONCLUSIONS

Silica nano-meter size powders were synthesized
using an inexpensive source of sodium silicate in
an acidic environment. Characterization of silica
nano-meter size powders was performed using
XRD, FESEM, EDX, TEM, FTIR, and Raman
spectroscopy. The XRD results confirmed the
amorphous nature of the synthesized material.
TEM and FESEM results confirmed the synthesis
of silica nano-size powders with an average size
of less than 25 nm. The synthesis of hydrophobic
solution was performed by a very simple sol-gel
method. The surface of silica nano-meter size
powders were modified using different polymers
(PDMS, TMCS, MTMS, D5) before being
deposited on glass slides. The contact angle
between the water droplet and the synthesized
thin films was measured and the effect of different
synthesis parameters on the contact angle was
studied. The results of parameter optimization
demonstrated that the maximum contact angle is
obtained using TMCS polymer, xylene solvent,
and ambient temperature. The optimum amount
of silica nano-size powders were 0.3 g and this
amount for TMCS polymer is 2 ml. In general,
synthesized thin films had superhydrophobic
properties and the method used in this research
can be developed for use in an industrial scale.
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