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Abstract

Transparent self-cleaning coatings based on photocatalytic activity have attracted great attention in recent years owing to their
promising applications in many fields, such as solar cell cover glass. This study reports a simple method to prepare transparent
self-cleaning silicon dioxide (SiO,) coatings filled by boron carbide (B4C) and titanium dioxide (TiO,) nanoparticles. A sol-gel
technique was used to synthesize a SiO, solution containing B4C and TiO, nanoparticles, and a dip-coating technique was
followed to coat the composite solution on glass slides. The SiO, coating was successfully obtained in the presence of both
semiconductor nanoparticles as confirmed by FTIR and XRD measurements. Both the photocatalytic activity and self-cleaning
property of the composite coatings were evaluated by photocatalytic degradation of a model dye, methylene blue, under visible
light irradiation. The SiO, coating containing both B,C and TiO, nanoparticles exhibited an improved photocatalytic activity
compared to the SiO, coating including only B4C. In particular, a 46% degradation rate of the model dye methylene blue was
achieved for the SiO, coating containing 15 wt% B,4C and 5 wt% TiO, nanoparticles. Highly transparent composite coatings on
glass slides were prepared. The SiO, coating containing both B4C and TiO, nanoparticles was found to exhibit ~8% reduction in
the optical transmission of the glass slide and ~1% reduction in the efficiency of a solar cell containing the coated glass slide.
These findings demonstrated that the SiO, composite coatings have potential for self-cleaning applications in removing
contaminants from the glass cover of the solar cell under visible light irradiation.
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Highlights

e SiO, was synthesized in the presence of both B,C and TiO, nanoparticles
e B,4C and TiO, nanoparticle did not significantly affect the light transmission and the efficiency of the solar cell
e TiO, enhanced the photocatalytic dye degradation efficiency of the SiO, coating including B4C nanoparticles

1 Introduction

Solar energy is an inexhaustible resource that has the advan-
tages of being renewable and clean. Solar cells are considered a
powerful strategy to harness solar energy [1]. Crystalline sili-
con (c-Si) solar cell modules hold more than 90% of the solar
cell market share. C-Si solar cell modules mainly include a
front side glass cover with a thickness of 3.2 mm [2]. Within
the solar cell module, the glass cover plays an important role. It
serves as a vital shield, protecting the solar cell. The glass cover
provides stability and rigidity for the solar cell under harsh
environmental conditions. It has an important role in collecting,
transmitting and reducing light reflection, all of which are
beneficial to solar cell efficiency. On the other hand, the glass
cover can be contaminated with dust and organic waste,
resulting in scattering of incident light and reducing the effi-
ciency of solar cells [1, 2]. The efficiency of the solar cell
module that is exposed to the outdoors for a year without any
cleaning is likely to decrease by up to 78% [1].

Self-cleaning is one of the most studied topics today, as it
can clean the surface without the need for any external
resources [3]. Maintaining the cleanliness of the glass cover
of the solar cell module is a significant challenge [4].
Various self-cleaning methods such as manual, electrostatic
and mechanical have been used to clean the glass cover of
the solar cell. Mechanical techniques consume significant
power due to moving parts [5]. Cleaning robots have
attracted great attention within the scope of the mechanical
techniques. But, the cleaning robots are expensive to use,
and mosty require the presence of 2 to 3 operators [4].
Electrostatic techniques require significant electrical power
[5]. Manual cleaning requires more labor and consumes
more water. Therefore, a self-cleaning coating may be one
of the best solutions to clean the glass cover [4].

Ideal coating materials for the glass cover of the solar cell
should have outstanding self-cleaning properties while also
maintaining high transparency. Self-cleaning coatings based
on hydrophilic and hydrophobic surface properties offer
viable solutions for cleaning contaminants from the glass
cover of the solar cell with good reliability and afford-
ability. The self-cleaning coatings require zero power con-
sumption and do not corrode the glass cover of the solar
cell, thus preventing any potential reduction in power pro-
duction. The self-cleaning coatings can be differentiated
according to their water contact behavior [5].

Hydrophobic coatings have unique self-cleaning features
inspired by the lotus leaf. They are characterized by their
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micro/nano-hierarchical structures, preventing dust particles
and other contaminants from accumulating on the glass cover
[6]. The air trapped inside the hierarchical structures main-
tains stable liquid-air interface with minimum solid fraction,
which is in contact with water [7]. On hydrophobic coatings,
water droplets can quickly roll down the surface and remove
contaminants due to the water repellency of the surface [8].
Surface roughness is the most important criterion for devel-
oping hydrophobic coatings. Although the surface roughness
supports the self-cleaning feature, it has a significant chal-
lenge to transparency. The surface roughness is one of the
main reasons for the degradation of optical transmittance [3].
Hydrophilic self-cleaning coatings with photocatalytic activity
are considered a suitable solution to remove contaminations
and dust particles on the glass cover of the solar cell module
[9]. On hydrophilic coatings, water droplets can quickly
spread over the entire surface of the coating, forming a water
film. Hence, contaminants on the surface of the coatings can
be washed away during the spreading process [8]. It is also
believed that the hydrophilic coating is more stable and has a
longer lifespan than the superhydrophobic coating [9]. Several
semiconductors like TiO, [9], g-C3N,4 [10], WO5 [11], ZnO
[12] and ZrO, [13] have been used to obtain coatings, exhi-
biting both photocatalytic self-cleaning property and hydro-
philicity. The hydrophilicity of the photocatalyst film can be
improved upon the sunlight irradiation. The sunlight can
induce surface element vacancies, and radical species can
form at the surface of the coating, which can help wet the
entire surface with water. Additionally, contaminants adsor-
bed on the photocatalyst coating can undergo oxidative
decomposition upon the sunlight irradiation. During wetting
of the coating surface, a water film can form, which removes
both the decomposition products and contaminants. This
phenomenon is known as the hydrophilic self-cleaning effect
and has been found to be useful for the application of keeping
the surface of the glass cover of the solar cell clean [14].
Boron carbide (B4C) is a low-cost and stable semi-
conductor. It exhibits strong absorption under the sunlight
due to its mid-gap states. It has a narrow optical band gap
and tunable electrical properties. In addition, it has a strong
oxidation resistance [15]. B4C exhibits photocatalytic
activity, outstanding physical and mechanical properties,
chemical inertness, wear resistance and hydrophilic char-
acter with an initial contact angle of 61° [16, 17]. The film
coating planned to be coated on the cover glass of the solar
cell is expected to be unaffected by environmental condi-
tions and to have a stable structure and hydrophilic
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character. Due to the mentioned properties, B,C may be a
suitable candidate for self-cleaning coatings. However, very
few studies have been reported in the literature on the
photocatalytic activity and self-cleaning application of B4C.
Also, there is no study on the self-cleaning coating appli-
cation of B4C for the solar cell. In this context, Yan and his
coworkers examined the photocatalyst potential of B,C for
the CO, reduction process [18]. As an alternative, B,C was
combined with ZnO [19], g-C3N,4 [20], Bi;O¢l3 [15] and
BiOl [21], respectively, in a heterojunction structure and its
photocatalytic activity was evaluated using dye degradation,
hydrogen production and CO, reduction processes.

However, the high refractive index and narrow band gap
of B4C causes high reflectance and absorbance, which can
lower the efficiency of the solar cell module. To minimize
the absorption of the glass cover of the solar cell, the optical
band gap of the self-cleaning coating should be wide
enough to reduce the absorption loss in the visible light
spectrum of the sunlight. Moreover, to minimize the
reflection of the glass cover of the solar cell, the refractive
index of self-cleaning coating should be close to the
refractive index of the glass cover (1.21-1.25) [9]. In the
literature, SiO,, helping in the reduction of the refractive
index of the composite structure, was combined with TiO,
[7, 22], ZnO [22], ZrO, [23], Fe,O3 [24] and graphene
oxide [24], respectively, to form transparent coatings.
Combining the semiconductor photocatalyst with SiO, can
enhance the visible light transmission owing to the wide
band gap and the suitable refractive index of SiO,. Addi-
tionally, SiO, can improve both the chemical durability and
mechanical properties of coatings. SiO, can make the
coating more adherent and robust, increasing the application
potential of the self-cleaning coating on the glass cover of
the solar cell module [8].

In this study, B,C was combined with SiO, in the solution
phase and coated on a glass slide using a dip coating method.
The effect of B,C content in SiO,/B,C coatings on the light
transmittance and the solar cell efficiency was studied. From
the practical point of view, a good self-cleaning coating for the
glass cover of the solar cell module should have both high
transmittance and high photocatalytic activity. TiO, has been
known as an efficient photocatalyst under the sunlight. Among
various photocatalysts, TiO, has attracted great attention due to
its high photocatalytic activity, physical and chemical stability,
low cost and environmentally benign [8]. To enhance the
photocatalytic activity of the SiO,/B4C coating, TiO, was
combined with SiO, in the solution phase. TiO, has a wide
band gap (e.g. =3.20eV) but also a large refractive index
(n=2.52 for anatase). Therefore, it can only absorb a small part
of the sunlight, but can reflect a certain part of the sunlight
[8, 14]. An attempt has been made to enhance the photo-
catalytic activity of SiO,/B4C coatings by adding TiO, without
reducing the light transmittance of the glass cover of the solar

cell and the efficiency of the solar cell including the coated
glass cover too much. Organic pollutants on the coating surface
could be removed by the synergistic photocatalytic perfor-
mance of B4C and TiO, in the SiO, phase. Therefore, the
prepared coating exhibited a self-cleaning property. While this
study enabled the development of self-cleaning coatings, it did
not significantly affect the efficiency of the solar cell on which
it was applied. This study provided a new perspective for the
synergistic application of B,C and TiO, in the field of self-
cleaning coatings for solar cells.

2 Experimental
2.1 Materials and methods

SiO, coatings on glass slides were prepared from a SiO,
solution using a simple dip coating technique. The SiO, solu-
tion was prepared by a sol-gel process of tetra-
ethylorthoxylsilicane (TEOS) using hydrochloric acid (HCI) as
catalyst. 112 ml of TEOS was added into a certain amount of
distilled water-anhydrous ethanol solution (361090 ml). As-
prepared solution was kept at constant stirring at the room
temperature. Then, a certain amount of HCl (~0.2 ml, 36%)
was added into the as-prepared solution to obtain a final
solution. Afterward, B,C nanoparticles (4060 nm, Nanografi)
were added into the prepared SiO, solution and it was kept at
stirring for 1 day to obtain a uniform coating solution of SiO,/
B,4C. The B4C content of the composite solution was adjusted
to be 5, 10 and 15 wt.%, respectively. The composite coating
solutions were labeled as SiO,/B4C(100-x/x) (x =35, 10, 15),
respectively. In addition, TiO, nanoparticles (<25 nm, Sigma-
Aldrich) were also dispersed in the prepared SiO,/B4C solution
to obtain a SiO,/B4C/TiO, solution. TiO, was added into the
Si0,/B4C(15) solution and the TiO, content of the final solu-
tion was adjusted to be 5 wt.%. The composite solution was
labeled as SiO,/B4C(15)/TO,(5). Before the dip coating pro-
cess, ultrasonic cleaning was applied to the glass slides. The
composite solutions were coated on the glass slides through the
dip-coating method. The glass slides were dried at the ambient
condition for 2 h and then they were dried at 100 °C for 1 h to
remove the unreacted volatile species. Finally, the coated glass
slides were annealed at 400 °C for 2 h [25].

2.2 Structural, morphological and optical
characterization

To study the morphology of the composite coatings, optical
microscopy images and field emission scanning electron
microscopy (FESEM) images were obtained on a LEICA
model binocular microscope and on a QUANTA 400F model
microscope, respectively. The UV-Vis absorbance and
transmittance spectra of the composite coatings were recorded
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by a Genesys 10S (Thermo Scientific) model spectro-
photometer in the absorbance mode and transmittance mode,
respectively. The FTIR spectra of the samples were recorded
using a Bruker IFS 66/S model spectrophotometer with a
resolution of 4 cm™". X-ray diffraction (XRD) patterns of the
composite coatings were recorded by a Rigaku Ultima IV
model diffractometer with Cu-Ka radiation at a scan rate of
1°/min. The efficiency of the solar cell including coated glass
slides and the solar cell including uncoated glass slide (stan-
dard) was compared using a PROVA 210 model solar module
analyzer. The efficiency of the solar cell was calculated using
the following relation [26]:

n(efficiency) = Voc Isc FF/Py, (1)

where V¢ is the open-circuit voltage (V), Isc is the short-
circuit current (A), FF is the fill factor and P;, is the incident
radiation flux (W/m?). The fill factor was calculated by
using the following relation [26]:

FF = Vwp Imp/Voc Isc (2)

where Vyp and Iyp are the voltage value (V) and the current
value (A), respectively, at the maximum power point.

The water contact angle measurement of the coating
samples was performed using an optical tensiometer
(Theta Lite, Biolin Scientific) at 3 different points and the
average of these measurement was reported in the
manuscript.

2.3 Characterization of the photocatalytic
performance

The photocatalytic activity of the composite coatings was
evaluated by photodegradation of a model dye, methylene blue.
In a flat glass container, S0 ml of aqueous methylene blue
solution (10 mg/l) was added and the coated glass slides were
immersed into the dye solution. To attain the adsorption-
desorption equilibrium between the dye molecules and the
coatings, the samples was kept in the solution for 30 min before
the visible light irradiation. Then the dye solution including the
coated glass slide was exposed to the visible light irradiation
using a 300 W lamp (Osram Ultravitalux). 2 ml of the dye
solution was withdrawn from the solution including the coated
glasss slide at regular interval of time (60 min) and the sample
solution was analyzed using the Genesys 10S (Thermo Sci-
entific) model spectrophotometer. The percentage of the pho-
tocatalytic degradation of methylene blue was calculated using
the following relation:

%Degradation of methylene blue = (Cy-C)/Cp x 100  (3)

at which Cj and C are the solution concentrations before the
visible light irradiation and after the visible light irradiation,
respectively [27].
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3 Results and discussion
3.1 FTIR analysis

On the FTIR spectrum of the SiO,/B4C(15) coating
(Fig. 1a), there are absorption peaks of the anti-symmetric
and symmetric vibrations of the Si-O-Si bond at 1193 and
812cm™!, respectively. The absorption peak at 453 cm™!
reflects the flexural vibration of the Si-O-Si bond. The wide
absorption band at around 3205cm™' and the weak
absorption peak at 1739 cm ™' correspond to the stretching
and bending vibrations of the hydroxyl groups on the SiO,/
B4C(15) coating [28]. On the same spectrum, the weak
absorption peak at 640 and 1076 cm ™! are attributed to the
weak vibrations of the B-B bond of B4C. The peak at
1193 cm™! can also be attributed to the B-C bonds in the
icosahedra. In addition, the absorption peak at 1380 cm™! is
assigned to the disordered graphite structure of B,C [29].
On the FTIR spectrum of the SiO,/B4C(15)/TiOy(5) coating
(Fig. 1b), there are absorption peaks at 812 and 453 cm™!
belonging to the symmetric vibration of Si-O-Si and the
flexural vibration of Si-O-Si bond, respectively [28]. The
intense peak at 1194 cm ™! can be attributed to both the anti-
symmetric vibration of Si-O-Si bond and the B-C bonds in
the icosahedra. The peaks belonging to the weak vibrations
of the B-B bond are present at 635 and 1074 cm™'. The
peak due to the disordered graphite structure of B4C is
present 1378 cm ™' [29]. In addition to the peaks belonging
to SiO, and B4C chemical structures, there is an absorption
band at around 538 cm™! due to the Ti~O-Ti bond [28].
FTIR spectrum of the SiO,/B4C(15) and the SiO,/B4C(15)/
TiO»(5) coatings confirmed the successful synthesis of SiO,
coating in the presence of B4,C and TiO, nanoparticles.

3.2 XRD analysis

Figure 2 illustrates the X-ray diffractogram of the SiO,/
B4C(15) and SiO,/B4C(15)/TiO5(5) coatings. There is an

(2)

(b)
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Fig. 1 FTIR spectrum of (a) SiO,/B4C(15) and (b) SiO,/B4C(15)/
TiO,(5) coatings



Journal of Sol-Gel Science and Technology (2024) 111:955-965

959

intense band on the X-ray diffractogram of both samples at
around 20 = 22°, corresponding to the amorphous SiO, [30].
The X-ray diffractogram of the SiO,/B4C(15) coating also
exhibits the existence of peaks at 20 =22.1°, 23.4°, 31.9°,
35.0°, 37.7° and 53.3° assigned to (003), (012), (110), (104),
(021) and (205) crystal planes of the rhombohedral B,C
(Fig. 2a) [31]. When SiO,/B4,C was combined with TiO,, a
small shift in the 20 of the diffraction peaks of B4,C was
observed. The characteristic peaks of B4C are present at
20 =22.2°,23.5° 31.9°, 34.9°, 37.8° and 53.3° correspond-
ing to (003), (012), (110), (104), (021) and (205) crystal
planes of B,C (Fig. 2b) [31]. There are weak peaks at
20 =25.4°, 39.2° and 48.2° on the diffractogram of the SiO,/
B4C(15)/TiOy(5) coating, assigned to the (101), (004) and
(200) crystal planes of TiO, in anatase form (Fig. 2b) [30].

Intensity (a.u.)

20 25 30 35 40 45 50 55 60
20 (degree)

Fig. 2 XRD pattern of (a) Si0,/B4C(15) and (b) SiO,/B4C(15)/TiOx(5)
coatings

Fig. 3 Optical microscopy
image of (a) SiO/B4C(5), (b)
Si0,/B4C(10), (¢) SiOy/B4C(15)
and (d) SiO,/B4C(15)/Ti05(5)
coatings

3.3 Morphology analysis

Figure 3 illustrates optical micrographs of the composite
coatings at various B4C and TiO, contents. The SiO,/
B,4C(5) coating includes small islands irregular in size and
shape (Fig. 3a). As the B4C content of the coating increases,
the number and the size of the islands slightly increase.
According to the optical microscope images, B4C nano-
particles tended to agglomerate. However, it was observed
that the B4C agglomerate structures were dispersed homo-
geneously (Fig. 3a—c). Figure 3d shows the optical micro-
scopy image of the SiO,/B,4C(15)/TiOy(5) coating. There
are two different island structures. Small-sized and large-
sized islands may belong to TiO, nanoparticles and B4C
nanoparticles, respectively. Both TiO, and B4C nano-
particles are homogeneously dispersed in the SiO, phase.
According to Fig. 3, smooth and crack-free film surfaces
were obtained. The FESEM images of the composite
coatings are illustrated in Fig. 4. FESEM images also
confirmed that B,C and TiO, nanoparticles were evenly
dispersed in the SiO, phase. Nano-hierarchical particle
structures of TiO, and B,4C on the coating films can be seen
on both images.

3.4 Optical property analysis

As shown in Fig. 5, the SiO,/B4C and SiO,/B4C/TiO,
coatings exhibited absorption mainly in the UV light region
due to the wide band gap SiO,. When the B,4C content of
Si0,/B,4C coatings increased, the optical absorption of the
coatings in the region of 200-800 nm did not change
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Fig. 4 FESEM image of (a) SiO,/B,C(15) and (b) SiO./B4C(15)/
TiOy(5) coatings

Wd)

kA
Mf”“"’"wt\(a)

200 300 400 500 600 700 800
Wavelength (nm)

Absorbance (a.u.)

Fig. 5 UV-Vis absorption spectrum of (a) SiO,/B4C(5), (b) SiO,/
B4C(10), (c) Si0x/B4C(15) and (d) SiO,/B4C(15)/TiOx(5) coatings

significantly. Moreover, combining the SiO,/B,C coating
with TiO, did not have a significant effect on the absorp-
tion. Low light absorption in the visible light region is very
important for the efficiency of the solar cell. The optical
band gap (Eg) of the composite coatings can be estimated
from the following relationship using the UV-Vis absor-
bance data [32]:

(ahv)* = A(hv — Eg) (4)

where a is the absorption coefficient, hv is the photon
energy, A is a proportionality constant and Eg is the optical
band gap, respectively. As shown in Supplementary Fig.
S1, the band gap of the SiO,/B4C(5), Si0,/B4C(10), SiO,/
B,C(15) and SiO,/B4C(15)/TiOy(5) coatings is 4.1eV,
4.0eV, 40eV and 3.8eV, respectively. In addition, the
optical band gap of pure SiO,, pure B,C and pure TiO, is
4.9eV, 2.1eV and 2.8 eV, respectively (Supplementary Fig.
S2). The band gap of a composite material depends not only
on the properties of its components but also on the size,
morphology and arrangement of its components. Therefore,
there are many variables that affect the band gap
characteristic of a composite structure. Compared to pure
SiO, coating, there was a reduction in the band gap energy
of the composite coating. The decrease in the optical band
gap might indicate an increase in crystal quality which was
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Fig. 6 UV-Vis transmission spectrum of (a) uncoated glass slide
(standard) and glass slide coated with (b) SiO,/B4C(5), (¢) SiOy/
B4C(10), (d) SiO,/B4C(15), (e) SiO,/B4C(15)/TiOx(5) coatings

more ordered [33]. The estimated band gap values of the
composite coatings existed in the UVA region
(315400 nm) and UVB region (280-315 nm). The speci-
fied light range falls within the broad spectrum of the
sunlight and close to the visible light region. This finding
showed that the composite coatings can be activated under
the sunlight as a photocatalyst and they allow a significant
portion of the sunlight to pass through the glass cover of the
solar cell into its absorber layer, which is important for the
self-cleaning feature of the coatings and the efficiency of the
solar cell on which the coatings are deposited.

The optical transmission of glass slides coated with the
SiO, composite coatings was observed by UV-visible
spectroscopy (Fig. 6). For comparison purpose, the optical
transmission of glass slides coated with pure SiO,, pure B,C
and pure TiO, was also analyzed (Supplementary Fig. S3).
The average transmittance of the uncoated glass plate
(standard) was 91.56% in the wavelength range of the
visible light region (400-800 nm) (Fig. 6a). Compared with
the uncoated standard, glass slides coated with pure SiO,
and with the SiO, composites exhibited almost similar light
transmittance in the visible light region. The average
transmittance of the glass slide coated with SiO,/B4C(5),
Si0,/B4C(10), SiO,/B4C(15) and SiO,/B4C(15)/TiO,(5)
was 86.06, 87.82, 88.44 and 83.96%, respectively
(Fig. 6b—d). On the other hand, the average transmittance of
the glass slide coated with pure SiO,, pure B4C and pure
TiO, was 92.41, 13.09 and 11.50%, respectively (Supple-
mentary Fig. S3a—c). Although the light transmittance of
pure B4C and pure TiO, is low, relatively high light trans-
mittance was obtained in the composite structure (Supple-
mentary Fig. S3 and Fig. 6). SiO, formed the main phase in
all composite coatings and it might dominate the light
transmittance. Figure 6 illustrates that the transmittance
increased slightly with increasing the B,C content of the
Si0,/B4C composite coating. Compared with the SiO,/B4C
composites, the light transmission of the glass slide coated
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Fig. 7 The photocatalytic performance of (a) SiO,/B4C(5), (b) SiO,/
B4C(10), (¢) SiOx/B4C(15) and (d) SiO./B4C(15)/TiO,(5) coatings
under visible light irradiation

with the SiO,/B4C/TiO, composite slightly decreased (Fig.
6e), because TiO, microspheres might induce an increase in
the roughness of the glass surface, which enhanced the light
scattering. In addition, TiO, due to its high refractive index
might increase the light reflection. In the case of solar cells,
the optical transmittance of the self-cleaning coating is
extremely important, so it is desirable that the optical
transmittance be the same or close to the glass cover of the
solar cell itself.

3.5 Photocatalytic performance

Supplementary Fig. S4 exhibits the UV-Vis spectra of
methylene blue in the presence of composite coatings under
visible light irradition. After exposure to the visible light,
the spectral characteristic region for methylene blue reduced
slightly in the presence of the SiO,/B4C composite coatings,
while its reduction is relatively strong in the presence of the
Si0,/B4C(15)/TiO5(5) coating. After 300 min of visible
light irradiation (Fig. 7a), nearly 82% of methylene blue
remained in the solution in the presence of the Si0,/B4,C(5)
coating. In the presence of the SiO,/B4C(10) coating, about
80% of the model dye remained in the solution after
300 min of visible light irradiation (Fig. 7b). This value
decreased to only about 79% in the presence of the SiO,/
B4C(15) coating (Fig. 7c). The results exhibited that the
photocatalytic dye degradation efficiency of the SiO,/B4C
coatings was low. No significant increase in the photo-
catalytic dye degradation efficiency was observed with an
increase in the B,C content of the coatings. To enhance the
photocatalytic activity, the SiO,/B4C coating was combined
with a well-known photocatalyst TiO,. After 300 min of
visible light irradiation (Fig. 7d), nearly 54% of methylene
blue remained in the solution in the presence of the SiO,/
B4C(15)/TiO,(5) coating. In other words, almost 46% of the
model dye was degraded at 300 min. The results indicated

rca (-0.95 eV) '_/e—.\ \@j

B.C CB (-0.60 eV)
VB (1.83 eV) TiO;
g e
- H>O
VB (2.60 V)
hé
v v
-‘OH

Fig. 8 The proposed photocatalytic degradation mechanism on the
B4C-TiO, heterojunction structure within the SiO, coating

that the SiO,/B4C(15)/TiO,(5) coating possesses higher
photocatalytic activity than that of the SiO,/B4C coatings.
Figure 8 exhibits the proposed energy band structure and
the photocatalytic degradation mechanism on B4C/TiO,
[21, 34]. According to the study of Bledowski and his
coworkers, the conduction band and the valence band
values of TiO, were used as —0.60eV and 2.60eV,
respectively [34]. In addition, the conduction band
(—0.95eV) and the valence band (1.83 eV) values of B4C
were taken from the study of Lv and his coworkers [21].
When the SiO,/B4C(15)/TiO,(5) coating absorbs the visible
light with photon energy equal or higher than the band gap
of B4C and/or TiO,, the valence band electrons could be
excited to the conduction band of the composite con-
stituents, leading to the formation of photoinduced holes in
the valence band and photoinduced electrons in the con-
duction band. Due to the difference in the band energies,
combining B4C and TiO, in the SiO, coating could cause
electrons to move from the conduction band of B4C to the
conduction band of TiO,. Meanwhile, the valence band
electrons of TiO, could move to the valence band of B4,C
[21, 34]. The electrostatic field between B4C and TiO, in
the SiO, film might force the photoexcited electron-hole
pairs to separate, preventing the recombination of the pho-
toexcited charge carriers to some extent (Fig. 8). The pho-
toinduced charge carriers could participate in the
photocatalytic dye degradation reactions. The estimated
potential of photoinduced electrons (—0.95eV (B4,C) &
—0.60eV (TiO,) vs. NHE) allows for photoreduction of
surface adsorbed oxygen molecules (—0.33 eV vs. NHE) to
superoxide radicals, and the estimated potential of photo-
induced holes (2.60 eV (TiO;) vs. NHE) allows for photo-
oxidation of surface adsorbed water molecules (2.27 eV vs.
NHE) to hydroxyl radicals (Fig. 8) [21, 34]. In addition, the
estimated potential of photoinduced electrons of both B,C
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Fig. 9 a The photocatalytic performance of (i) SiO,/B4C(15)/TiO,(5),
(i) SiO,/TiOy(5); b The photocatalytic performance of (i) SiO,/
B4C(15)/TiO5(5) coating under visible light irradiation, (i) SiO,/
B4C(15)/TiOy(5) coating under UVA light irradiation; ¢ The

and TiO, allows for photoreduction superoxide radicals to
hydrogen peroxide (0.69 eV vs. NHE) and then hydroxyl
radicals (0.38eV vs. NHE) [35]. Therefore, the photo-
generated electrons of TiO, and the photoinduced electrons
transferred from the conduction band of B4C could convert
the surface adsorbed oxygen to superoxide radicals directly
or the superoxide radicals to hydroxyl radicals indirectly.
Meanwhile, the photogenerated electrons remained in the
conduction band of B4C and the photogenerated holes
remained in the valence band of TiO, might cause the
transformation of surface adsorbed oxygen into superoxide
radicals and surface adsorbed water into hydroxyl radicals,
respectively. It should be the reason for the enhancement in
the photocatalytic dye degradation efficiency observed with
the SiO,/B4C(15)/TiO,(5) coating [21, 34].

The superoxide and hydroxyl radicals are strong active
species, able to degrade organic contaminant accumulated
on the glass cover of the solar cell into harmless small
molecules, which is the basis of the self-cleaning mechan-
ism expected under the sunlight. When compared with the
Si0,/B,4C coatings, there was a significant enhancement in
the photocatalytic dye degradation efficiency of the the
Si0,/B4C(15)/TiO,(5) coating. To be sure whether the
reason for this improvement is the presence of the well-
known photocatalyst TiO, or the heterojunction structure
between B,4C-TiO,, the photocatalytic dye degradation
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photocatalytic performance of the SiO,/B4C(15)/TiOy(5) coating (i) in
the absence of a radical scavenger, (ii) in presence of tert-butanol
(hydroxyl radical scavenger), (iii) in presence of ascorbic acid
(superoxide radical scavenger)

experiment in the presence of the SiO,/TiO, coating was
also performed. After 300 min of visible light irradiation
(Fig. 9a), nearly 59% of methylene blue remained in the
solution in the presence of the SiO,/TiO,(5) coating. It
supported the idea that the heterojunction structure between
B,4C and TiO; in the SiO, film provided the enhancement in
the photocatalytic dye degradation efficiency. To examine
the effect of the light source on the photocatalytic dye
degradation, a UVA (12 W) light source was also tried as an
alternative to the visible light source in the photocatalytic
activity experiment with the SiO,/B,C(15)/TiO,(5) coating.
At the end of 300 min, approximately similar dye degra-
dation values were obtained with both light sources sepa-
rately (Fig. 9b), which indicated that the light source did not
have a significant effect on the photocatalytic activity of the
composite coating.

To reveal the exact role of hydroxyl and superoxide radi-
cals in the photocatalytic degradation of the model dye, tert-
butanol as a hydroxyl radical scavenger and ascorbic acid as a
superoxide radical scavenger were added into the methylene
blue solution in the presence of the SiO,/B4C(15)/TiO,(5)
coating. It was observed that nearly 63% of methylene blue
remained in the solution in the presence of tert-butanol with
the SiO,/B4C(15)/TiO,(5) coating. On the other hand, nearly
62% of the model dye remained in the presence of ascorbic
acid with the SiO,/B4C(15)/TiO,(5) coating (Fig. 9c). The
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degree of degradation of methylene blue decreased from 46%
to 37% and 38% in the presence of tert-butanol and ascorbic
acid, respectively. Both types of the radical scavengers
decreased the photocatalytic dye degradation ratio. According
to the radical scavenger analysis, both hydroxyl and super-
oxide radicals played an active role in the photocatalytic dye
degradation reactions.

With a hydrophilic coating, water droplets spread spon-
taneously over the surface of the coating, leading to the
removal of the dirt and other contaminants. Additionally, the
hydrophilic coatings including a suitable photocatalyst have
an additional feature of decomposing the complex organic
contaminants by a sunlight-assisted cleaning mechanism.
Thus, the self-cleaning process can be assigned to the rainfall
driven mechanism and/or the sunlight driven (photocatalytic)
mechanism. Mostly, the self-cleaning process results from a
combination of these two effects [36, 37]. Water contact
angle measurement was also performed to investigate the
hydrophilic feature of the prepared coatings. The water
contact angle of pure SiO, coating was found to be 36.7° and
it increased to 42.2° and 58.4° with the Si0,/B4C(15) coating
and the SiO,/B4C(15)/TiO,(5) coating, respectively (Sup-
plementary Figs. S6 and S7). Comparing all the coating
samples, the composite coatings exhibited higher water
contact angle value. The reason for the increase in the water
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g 2
- ()71
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Fig. 10 Current-voltage characteristics of solar cell with (a) an
uncoated glass slide (standard) and coated glass slides including (b)
Si0,/B4C(5), (¢) SiO,/B4C(10), (d) SiO,/B4C(15), (e) SiO,/B4C(15)/
TiOy(5) coatings

contact angle value might be owing to an increase in the
surface roughness of the SiO, film with B4C and TiO,.

3.6 Solar cell efficiency

To evaluate the application potential, glass slides coated with
the prepared coatings were placed on top of a real solar cell
and their photovoltaic performance were evaluated. The
photovoltaic performance of the solar cell was investigated
under visible light irradiation at an intensity of 1170 W/m>.
Figure 10 shows the current-voltage curves of coated and
uncoated solar cells. The standard solar cell in the absence of
the as-prepared coating has an efficiency (n) of 7.60% and a
fill factor (FF) of 0.827 (Table 1). There was a slight decrease
in both the efficiency and the fill factor, which might be due
to the absorption effect of the as-prepared coatings with B,C
and TiO, (Table 1). According to the optical band gap cal-
culations (Supplementary Fig. S1), the SiO,/B4C and SiO,/
B4C/TiO, coatings could absorb a slight portion of the visible
light below 309 nm and 326 nm, respectively. Among the
Si0,/B4C coatings, there was a slight increase in the solar cell
efficiency with the B4C content, which might be due to the
antireflection effect of the B4C phase. The transmittance data
also supported the opinion (Fig. 6). The SiO, coating with the
highest B,C content provided the highest light transmittance.
Combining the SiO,/B,4C coating with TiO, slightly reduced
the solar cell efficiency (Table 1).

The fill factor (FF) is one of the important parameters
quantifying the performance of solar cells. It is directly
proportional to the power conversion efficiency of the solar
cell [38]. Relatively high fill factor values were obtained
with the prepared coatings. As a result of the efficiency
comparison, it can be concluded that the SiO,/B4,C and
Si0,/B4C/TiO, coatings are promising candidates for the
solar cell due to the low deterioration in its efficiency.

4 Conclusion

In summary, it was presented a simple technique to prepare
a transparent self-cleaning coating through the synthesis of
SiO; in the presence of B,C and TiO, nanoparticles. The

Table 1 Efficiency of the solar

IMP (A) Voc Isc FF

A Mm% Py (Wm? Py, (Wm? 1 (%)

cell including uncoated glass Sample Ve V)

slide (standard) and coated glass Standard 2.965

slides ’
Si0,/B4C(5) 2915
Si0,/B4C(10) 2.910
Si0,/B4C(15) 2.895
SiO,/B4C(15)/ 2.968
TiOy(5)

0.048
0.044
0.047
0.048
0.043

3.583 0.048 0.827 0.0016 89.0 1170 7.60
3.484 0.045 0.818 0.0016 80.2 1170 6.85
3.521 0.048 0.809 0.0016 85.5 1170 7.31
3.512 0.049 0.807 0.0016 86.9 1170 7.42
3,591 0.044 0.808 0.0016 79.8 1170 6.81
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coated glass slides exhibited more than 83% transmittance
in the wavelength range of the visible light region. Addi-
tionally, the prepared composite coatings exhibited photo-
catalytic activity under visible light, which is a prerequisite
for the self-cleaning feature of the coating. The photo-
catalytic dye degradation in the presence of the composite
coating reached 46% after 300 min of visible light irradia-
tion. On the basis of this study, the prepared SiO,/B,C/TiO,
composite coating is a potential photocatalyst for degrada-
tion of contaminants under visible light irradiation. The
composite coatings did not significantly affect the efficiency
of the solar cell on which the coated glass slide was placed.
As a conclusion, the prepared composite coatings with both
transparency and photocatalytic activity may be useful for
the glass cover of the solar cell module.
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