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Transparent, superhydrophilic materials in photovoltaic (PV)
applications are indispensable for their self-cleaning function, which
can protect the solar cell and raise the efficiency of solar modules. This
study presented the synthesis and fabrication of TiO,/SiO, films by the
dip-coating method of sol—gel solutions on glass. The TiOy/SiO,
composites containing different SiO, contents were characterized by
XRD and FTIR. The transparency and hydrophilic properties of the
films were investigated by UV-vis and WCA. TiO, sol was mixed with
SiO, sol by differing TiO,/SiO, ratios of 1/3, 1/1, and 3/1. The best
TiO,/SiO, coating with the ratio of 1/3 was attained on the glass
surface after calcining the template at 400 °C. The maximum
transmittance of this film reached ~93.0%, and the film surface showed
an excellent super-hydrophilicity with WCA =~ 4.7°. The results
revealed that this composite material would be a promising candidate
for the self-cleaning applications of solar module surfaces.

TONG HQP VA PANH GIA MANG VAT LIEU TiO,/SiO, TU' LAM SACH,
SIEU THAM NUOC UNG DUNG TRONG LINH VU'C PIEN MAT TROI
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TU KHOA

Siéu va nudc

Tu lam sach

Xc tac quang
Phuong phap sol-gel
Pin mat troi

Viéc nghién ctru vat liéu co do truyén qua cao va co tinh siéu wa nudc
ng dung cho linh vuc dién mat troi 1a nham muc dich bao vé bé mat
ctia tAm pin, duy tri hiéu suat quang dién va giam chi phi bao dudng cho
hé thng. Bai bao nay trinh bay quéa trinh tong hop vat liéu két hop
TiO,/SiO, bang phuwong phap sol-gel va ché tao mang vat liéu két hop
nay trén nén kinh bang phuong phap phi nhung. Phuong phap XRD,
FTIR, UV-vis va WCA duoc sir dung dé danh gia anh huong cia ham
lwong SiO, trong vat liéu két hop TiO,/SiO, 1én tinh chit trong sudt va
tinh wa nudc cua tAm kinh duoc phu mang véat liéu két hop. Ty I
TiO,/SiO, trong nghién ctru nay 1a 1/3, 1/1 va 3/1. Két qua phan tich
cho thiy tim kinh dwoc phu bai vat liéu két hop TiO,/SiO, ty 18 1/3 tai
nhiét do thiéu két 400°C cho két qua tét nhat véi do truyén qua dat toi
~93,0%, ddng thoi bé mit ¢6 tinh chat siéu wa nudc véi WCA = 4,7 °.
V6i tinh chét siéu wa nude t6t va do truyén qua cao, vat liu két hop
TiO,/SiO, ¢ tiém ning 16n trong cac tng dung tuy lam sach cho bé mat
tam pin nang lugng mat troi.
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1. Introduction

Solar energy is currently one of the most important renewable energy sources because of its
unlimited source of energy, carbon-free energy source, and easy conversion of solar energy into
electricity. A huge amount of energy per day from the sun sends to the earth, equivalent to more
than 4000 trillion kwh [1]. The development of solar energy-converting technologies is needed
to investigate points within the creation of photovoltaic (PV) devices and makes them more cost-
competitive with conventional energy sources [2] — [4]. Efficiency in solar panels is a measure of
the amount of sunlight irradiation that falls on a solar panel's surface and is converted into
electricity. Owing to the many advances in solar panel technology in recent years, the average
panel conversion efficiency has expanded from about 15% to 20% [5].

Unfortunately, solar panels ended up messy over time as dust, grime, bird droppings, and
other contaminants. It depends on where the PV system is installed and built, which is a factor
causing the decrease in the efficiency of PV modules in systems on-site. Cleaning solar panels of
contaminants to maintain optimum solar harvesting capabilities is time-consuming and
expensive. Self-cleaning applications remove soil from the glass surface (as a glass cover) for the
PV panels and make them become a cost-effective solution [6]. Another factor causing the
decrease in the efficiency of PV panels is reflection. The low-iron glass is utilized as a cover
plate in solar panels. The cover glasses can be 2.0 mm, 3.2 mm, and 4.0 mm in thickness, and the
thicker glass provides reduced light transmittance strength. Moreover, the reflection of cover
glass results in an optical loss of electrical power. So reducing the optical losses is a factor that
increases the efficiency of the panel. Antireflective coating (ARC) is applied onto the cover glass
to reduce optical losses. Therefore there are two reasons for decreasing the efficiency of a PV
panel: dust and reflection [7]. The self-cleaning phenomena observed in nature have been quickly
imitated in creating glass surfaces, inorganic and organic films.

Coating the glass surface with titanium dioxide (TiO,) has drawn great attention due to its
photocatalytic and self-cleaning properties to remove dirt in the presence of ultraviolet light.
Under UV irradiation, the electrons in the valence band of TiO, are excited to the conduction
band, while the holes remain in the valence band. Once the excited electrons migrate back to the
interface, the holes in the valence bands will initiate, respectively, the reductive and oxidative
reactions. In an aqueous medium, for instance, the negative electrons will combine with the
oxygen into O, while the positive holes oxidize with H,O and hydroxyl to generate hydroxyl
radicals (OH): these highly charged species are photocatalytically active in oxidizing organic
pollutants. There is, however, one problem: the photogenerated electron-hole pairs have a flash
recombination time of the order of 10°° s, while the time scales for the chemical interactions of
TiO, with the adsorbed dirt or chemicals is in the range from 10 to 107 s [8]. That is, this
discrepancy between two times scales is much more favorable for the unintended recombination
of electron—hole pairs than for the TiO,—dirt absorption, resulting in a decreased efficiency in the
photocatalytic activity of TiO,. On the other hand, TiO, has a relatively wide band gap energy
(3.2 eV), only able to absorb the UV region of the solar spectrum, representing only 5%.
TiO,/SiO, composite films can overcome both limitations. TiO,/SiO, films present high
transmittance, enhanced photocatalytic activity, and persistent hydrophilicity in dark
environments. The nobility of SiO, allows its union with different materials, such as TiO,, where
the SiO, is a support for the TiO, particles with chemical, electronic and hydrophilic properties.
The synergistic effect of photocatalysis and hydrophilicity will result in long-term self-cleaning
activity. Moreover, the high surface acidity due to the presence of Si cations makes adsorbing the
hydroxy! groups, which is the main reason for the reduced contact angle.

In the present study, pure TiO, and TiO,/SiO, composite films containing different SiO,
content have been deposited over glass substrates by the dip-coating method in order to obtain
superhydrophilic and transparent composite films. The influence of the calcination temperature
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and the SiO, content has been emphatically discussed. The composite films have been compared
and characterized regarding their transmittance and hydrophilic properties.

2. Experimental procedure
2.1. Materials

Tetraisopropylorthotitanat (TPOT) was purchased from Sigma-Aldrich and tetraethyl
orthosilicate (TEOS) was from Macklin. Isopropyl alcohol/2-propanol (IPA) was purchased from
Prolabo. Ethanol (EtOH) and Hydrochloric acid (HCI) 37% (HCI) were from Merck. All the
chemicals were of analytical grade.

2.2. Mixed solution preparation and thin film deposition

Tetraisopropylorthotitanat (TPOT) was used as a metal resource and IPA as the solvent to
prepare the TiO, solution. Firstly, ethanol and HCI (37%) were mixed and vigorously stirred well
for 30 mins at 600 rpm. Then a quantity of 0.6 ml TPOT was added dropwise into the reaction
mixture under stirring magnetic speed at 600 rpm for 2 h. The obtained homogeneous TiO,
solution was sealed and aged for about 24 h at room temperature. The SiO, solution was then
prepared from mixed solutions of EtOH, TEO, and HCI (37%) for 30 mins at 450 rpm and
continued stirring for 2 h at 600 rpm and finally aged for 24 h.

Afterward, the SiO,/TiO, solution was mixed respectively with the ratio of 1:3, 1:1, and 3:1
for 2 h from TiO, and SiO, solutions to prepare the coating solutions. Before the coating
process, glass slides were sonicated in an ethanol bath for 30 minutes and dried. The coating
solutions were prepared by the sol-gel method. However, the SiO,/TiO, coating on glass
substrates was done by the dip-coating method. Each film was pre-baked at 50 °C for 12 h and
then followed by post-baked at 400 °C for 1 h in the atmosphere. SiO,/TiO, powder samples
from mixtures with a molar ratio of 1:3, 1:1, and 3:1 were heat-treated at 400°C and 700°C for
characterizing by X-ray diffraction.

2.3. Characterization

Light transmittance (T) of the samples was measured by JASCO V-670 spectrophotometer in
the range of 300-800 nm. Surface hydrophilicity was evaluated by water contact angle (WCA)
measurements using a KRUSS DS100 goniometer connected to a video camera at room
temperature (25°C, relative air humidity lower than 50%). The crystallite phases of CuNPs were
determined by X-ray diffraction (XRD) using the D8 Advance-Bruker with Cu Ka radiation.

3. Results and discussion
3.1. Formation of anatase (TiO,)/silica (SiO,) composite nanoparticles

The XRD diagrams of the pure TiO,, 3T1S, 1T1S, 1T3S, and pure SiO, powders are shown in
Figures 1 (a) and (b). The abbreviation 3T1S, 1T1S, and 1T3S are used to express the SiO,/TiO,
mixed solution with the molar rate of 1:3, 1:1, and 3:1. The composites composed by the mixture
of SiO, and TiO, were obtained by treating in a muffle furnace at 400°C and 700°C.

XRD analysis of TiO,/SiO, composites was carried out to determine the characteristics of the
TiO2 formed.

The XRD spectra of pure TiO, indicated the formation of anatase crystallite that corresponded
to the featured peaks of the planes (101) at 20 = 25.5°, (004) at 38°, and (200) at 48° after
sintering at 400°C for lhr. There was also the appearance of rutile and brookite phases at this
temperature. The rutile phase was determined with two diffraction peaks of (110) and (101)
planes at 20 = 27.5° and 36° respectively, and brookite phase with the peak at 26 = 31° for (211)
plane (JCPDS card #860148). Meanwhile, the XRD patterns of pure TiO, treated at 700°C only
presented the rutile phase.
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For the XRD spectra of TiO,/SiO, nanocomposites (3T1S, ITIS, 1T3S) calcined at 400°C
and 700°C, as shown in this Figure, the crystal structure with anatase phase was obtained after
sintering with three significant peaks at 25.5°, 38° and 48°, corresponding to (101), (004) and

(200) crystal planes, respectively.
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Figure 1. XRD patterns of different SiO,/TiO, ratio composite powers being heated at various
temperatures for 1 h (a) 400°C and (b) 700°C

Figure 1 shows that the composition of TiO,:SiO, affects the peak intensity and the sharpness
of the peak produced. For a higher SiO, content in nanocomposites, the sharpness of the peak
intensity of TiO; is lower. Whether being calcined at 400°C or 700°C, the TiO; rutile phase was
not seen in the XRD patterns. This can be explained by the fact that adding SiO, to the
compounds helps prevent the formation of the rutile phase, which is significant in self-cleaning
applications because the photocatalytic reaction efficiency in the anatase phase is much better
than in the rutile phase.

Table 1. Crystal size of the TiO,, 3T1S, 1T1S, 1T3S samples calculated based on the Scherrer formula [9]

Samples TiO, 3T1S 1T1S 1T3S
The crystal size of the materials calcined at 400°C (nm) 10.35 4.6 8.17 9.7
The crystal size of the materials calcined at 700°C (nm) 24.3 6.84 8.55 9.45

Table 1 describes the crystal sizes of the nanomaterials formed at a temperature of 400°C and
700°C for TiO,, 3T1S, 1T1S, and 1T3S samples. The crystal sizes were estimated according to
the Scherrer formula [9]. As shown in Table 1, adding SiO, to the composite leads to a
considerable decline in crystal size in the 3T1S sample compared to the pure TiO, sample.
Moreover, the average particle size gradually decreases with increasing SiO,, which is explained
that an increased number of SiO, causes a decrease in the agglomeration and therefore reduces
the particle size.

FTIR spectroscopy was used to characterize the bonds in TiO,/SiO, nanocomposites. This
analysis was carried out to classify functional groups in the composites at wave numbers 500 —
4000 cm™. The spectra in Figure 2 show TiO,/SiO, composite formation characterized by Ti-O-
Si bond appearance at 930 cm™ wavelength. This bond helps improve thermal stability and
prevent the phase transition of TiO, from anatase to rutile.

The absorption spectrum of pure TiO, in the wave number region from 930 cm™ up to 500 cm’
' is referred to as the absorption region of the Ti-O-Ti bond. The strong and dominant absorption
peak found on wave number 1060 cm™ is the Si-O-Si bond called asymmetrical extension one.
The peak presence at wave 800 cm™ indicates Si-O-Si vibrations in the amorphous SiO,.
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Figure 2. FTIR spectra of the TiO,/SiO, nanocomposite calcined at 400°C with changing SiO, contents

The oscillation of the O-H bond appears at 1630 cm™ and 3400 cm™. When increasing the
SiO, content gradually, the O-H absorption peak intensity also increases. Therefore, the role of
SiO, in the nanocomposite coating becomes important as the OH- radical can absorb water to
increase hydrophilicity. Besides, SiO, also expresses an oxidant for polluting organic radicals.
However, the O-H vibrational intensity in the absorption spectrum for pure SiO, is lower than
that of the TiO,/SiO, nanocomposites.

3.2. The effect of SiO, content of film surface on hydrophilic and transmittance properties

To investigate the optical behavior of the film coatings, we undertook spectrophotometry
measurements. Fig. 3 shows the transmission curves of different TiO,/SiO, films with ratios of
1:3, 1:1, 3:1, pure SiO,, and pure TiO,. On coating glass substrates with pure SiO,, the maximum
transmittance of bare glass increases from 85% to 96% at wavelength 550 nm. The glass
substrate with pure TiO, coating shows the lowest transmittance at the value of 75%.
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Figure 3. Transmission spectra of the different prepared nanocomposite coatings
at a wavelength ranging from 300 to 800 nm

Additionally, increasing the SiO, content in the SiO,/TiO, composite coatings, the
transmission gradually increases, which can be attributed to the low refractive index of SiO, as
compared with TiO, coating component. Low TiO, content can affect the photocatalytic
efficiency of obtained coating films, which is essential to achieve self-cleaning surfaces. Coating
samples with high transmittance are 1T1S and SiO,; meanwhile the highest transmittance is for
the 1T3S film with a value of about 93%, which ensures the good transmittance of glass for the
application of solar panels.

As the results of the optical bandgap energy are displayed in Table 2, it is shown that the
TiO,/SiO, material with the ratio of 3:1 has the lowest value. The bandgap energy increases from
3.44 10 3.66 eV when gradually increasing the SiO, content in the composite coating materials.
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Table 2. Optical bandgap of TiO,/SiO, composite coatings with the different SiO, contents

Samples pure TiO, 3T1S 1T1S 1T3S pure SiO,
Optical bandgap energy (eV) 3.34 3.31 3.44 3.48 3.66

Figure 4. Water droplets on superhydrophilic surfaces with the different coating materials

Table 3. Water contact angle values of TiO,/SiO, composite coating samples with changing the SiO, contents

Samples pure TiO, 3T1S 1T1S 1T3S pure SiO,
WCA (°) 11.2 10.5 9.8 4.7 25.8

Figure 4 shows the images of water contact angles (WCA) of the TiO,/SiO, composite
coating surfaces. And the results are summarized in Table 3. The values of WCA decrease from
10.5° to 4.7° after adding SiO, content. The WCA value of the TiO,/SiO, coating film at the ratio
of 1:3 gives the smallest value of 4.7°. In other studies, the type of TiO,/SiO, composite material
added more different substances to improve surface wettability. The fluorocarbon/TiO,-SiO;
composites revealed a WCA of 4.5° [10]. While the organization of SiO, and TiO, nanoparticles
into fractal patterns on the glass surface with WCA is 6°-8° [11], and around 5° [12] for the
composite with TiO, added Vanadium catalyst. This can be explained that SiO, content increases
the acidity of the coating film surface to absorb more OH- radicals. The absorption of these many
free radicals not only makes the surface enhance the hydrophilicity property but also actively
contributes to the photocatalysis process in decomposing the organic pollutants.

4. Conclusions

TiO,/SiO, composites were successfully synthesized by a simple sol-gel route. TiOy/SiO,
coating films with the ratio of 1:3 presented the highest transmittance of about 93% and the
lowest water contact angle of 4.7°. These properties are essential for application in self-cleaning
surfaces of solar energy areas, which require high transparency and low water contact angles.
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