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Abstract

The accumulation of pollution and any kinds of contamination on the glass cover of the solar cell affects the efficiency of the
photovoltaic (PV) systems. The contamination on the glass cover can absorb and reflect a certain part of the sunlight
irradiation, which can decrease the intensity of the light coming in through the glass cover. With the study, it was planned to
develop self-cleaning coatings for the PV systems. It was aimed to prevent or reduce the contamination-induced efficiency
loss of the existing PV systems. In the scope of the project, SiO,/WOj3 and SiO,/WO3/ZnO composites were coated from
their solutions on the glass substrates using a dip-coating technique. WO;3; was selected as a photocatalyst semiconductor.
Under the UV light irradiation, WOj3 could absorb the photons of the UV light, generating the photoinduced charge carriers.
The photoexcited charge carriers provide both the photoinduced hydrophilicity on the surface of the coating and the
photocatalytic degradation of the organic contaminants accumulated on the surface of the coating, which allows water
droplets to spread and flow on the surface of the cover glass to remove the contaminations. However, the recombination rate
of the photoexcited charge carriers on the WO; film was high. In order to suppress the recombination of the photoinduced
charge carriers, WO; was coupled with SiO, and ZnO. Both of these semiconductors improved the photocatalytic activity of
the WOj; film. Although SiO, has superior features in terms of the light transmission, it was not very effective under UV light
as a photocatalyst alone. The widely preferred photocatalyst ZnO was added into the composite film structure to enhance the
photocatalytic activity. The self-cleaning mechanism of the film coatings on a solar cell was investigated through the
photocatalytic dye removal efficiency on the as-prepared film samples. There was a slight decrease in the light transparency
and the solar cell efficiency because of the WOj5 content of the composite film. On the other hand, coupling the Si0,/WO;
film with ZnO enhanced the photocatalytic activity, and it suppressed the reduction effect of the WO; phase on both the light
transparency and the solar cell efficiency. The photocatalytic dye removal efficiency was increased to over 90% after
240 min of UVA light irradiation. In addition, the solar cell coated with the SiO,/WQO3/ZnO film provided almost the same
solar cell efficiency as the uncoated solar cell. The water contact angle measurement also exhibited the photocatalytic
degradation of the model contamination on the glass cover of the solar cell under the UVA light irradiation.
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e Coupling WO; with SiO, and ZnO provided enhancement in the photocatalytic activity.
e The photocatalytic dye removal efficiency was improved to over 90% with SiO,/WO3/ZnO film under UVA light

irradiation.

e The light transparency of the SiO/WQO3/ZnO film in the visible light spectrum was almost 5% lower than that of the

cover glass of a solar cell.

e There was a decrease in the water contact angle due the photocatalytic degradation of the model contaimination on the

film coating under the UVA light irradiation.

1 Introduction

Self-cleaning coatings are found in a wide variety of
applications such as solar cell panels, electronic and optical
device panels, window glass, textiles and paints. Self-
cleaning coatings contribute to reducing the efficiency lost
of the solar cell, cleaning costs and maintaining stability of
all surfaces. Self-cleaning coatings fall into two categories:
hydrophobic and hydrophilic coatings [1]. A surface with a
water contact angle greater than 90° is considered as
hydrophobic. On the hydrophobic surfaces, water droplets
take the shape of a sphere and clean the surface by rolling
the formed droplets [2]. On the other hand, for hydrophilic
surfaces with a water contact angle less than 90°, the self-
cleaning mechanism occurs by photocatalytic degradation
of the pollutants under UV radiation and then the removal
of the contaminations formed on the surface with water.
Semiconductor photocatalysts such as ZnO and TiO, can be
added to the surface coatings to make the surface hydro-
philic [2, 3]. Photocatalytic degradation, which is part of the
self-cleaning process on hydrophilic surfaces, is the
decomposition of organic compounds into small molecules
such as CO, and H,O. In photocatalytic degradation reac-
tions, light with energy equal to or greater than the optical
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band gap energy of the photocatalyst can be absorbed by the
photocatalyst. In this case, electrons in the valence band of
the photocatalyst are excited and transferred to the con-
duction band. The electron vacancies, called as holes (h™),
are formed in the valence band of the photocatalyst, which
can oxidize the surface adsorbed water molecule and turn it
into a hydroxyl radical; the electrons excited to the con-
duction band can reduce the surface adsorbed O, molecule
and convert it to a superoxide radical. Both active radicals
formed allow the degradation of organic pollutants adsorbed
to the surface of the solar cell panel [2].

In the literature, different semiconductor photocatalysts
such as TiO, [4], ZnO [2], KWO; [5] and Bi,O,CO; [6]
have been used to develop self-cleaning coatings based on
the photocatalytic activity. Several studies from the litera-
ture have been summarized on Table 1. Self-cleaning by
semiconductors takes place through the photocatalytic and
the hydrophilicity mechanisms. The photocatalytic
mechanism results to degradation of the pollution while the
hydrophilicity mechanism laminates the water droplets on
the surface to wash the degraded pollution, preventing the
adhesion of the pollutants on the surface. In literature,
Khorshidi and his coworkers (2021) measured the water
contact angle on the acylic/ZnO coating, deposited with a
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Table 1 Self-cleaning surface studies based on the photocatalytic activity from the literature

Coated Surface Photocatalyst

Results

Building material (concrete Bi,03, Bi,0,CO;, BiOI, BiVOy,,

surface) [6] BiPO,

Polymer (PMMA) [4] TiO,

Glass surface [5] KWO;

Cement mortar [49] TiO,/ZnAl layered double
hydroxide

Glass surface [50] WO5/TiO,

Glass surface [10] TiO,/Si0,

Glass surface [51] Cu-TiO,, Ag-TiO,, Fe-TiO, and
Co-TiO,

Glass surface [2] Acrylic/ZnO

Glass surface [52] TiO,/Kaolin

49% pollution (model dye) removal after 3 h with Bi,0,CO;3

Approximately 80% dye removal after 3 h
29% dye removal after 2 h

Reduction in water contact angle about 90° in 210 min.

3.6% achievement in energy output gain after 8 months
Reduction in water contact angle from 90° to 20° in 70 h.

77,74, 76 and 69% pollution (model dye) removal after 2 h with Cu-TiO,,
Ag-TiO,, Fe-TiO, and Co-TiO,

Reduction in water contact angle from 90.2° to 68.1° in 135 min.

65% dye removal after 210 min.

model pollutant (stearic acid). Under the UV light, the
stearic acid molecules degraded into H,O and CO,. H,O as
a degradation product might decrease the water contact
angle of the coating about 22° in 135 min. Hence, a
decrease in the water contact angle might exhibit the
potential of the photocatalytic activity and the cleaning of
the coating surface [2].

The change in hydrophilic property of a solid surface
with light radiation is related to the change in surface
energy. There are different assumptions about determining
the reasons of changes in surface energy at the atomic level.
According to an assumption, the hydrophilic property of the
solid surface increases with the contribution of organic
pollution products that decompose under light. This is
explained by the formation of metastable nano-sized
hydrophilic regions on the surface due to the transport of
the photogenerated electron-hole pairs to the solid surface.
The second hypothetical mechanism of the photo-induced
hydrophilic transformation of a surface is related to the
thermal effect of light. This effect causes water bound by
weak bonds in the outer layers of the solid surface to
separate from the surface. Thus, the surface energy and thus
the hydrophilicity of the solid increases. Then, water
molecules spread on the solid surface, forming a film layer.
Re-adsorption of water restores the initial structure of the
hydrated layer and thus reduces the surface energy [7].

The sun provides free heat and electricity for real-life
applications. In addition, the solar energy is environmen-
tally friendly and it does not produce any emissions. For
this reason, solar energy could be the most suitable and
sustainable solution to the energy crisis of the World.
However, several problems hinder optimum power har-
vesting from the photovoltaic (PV) modules. Dust accu-
mulation on the surface of the PV module has been known
as one of the crucial problems of the PV systems [8, 9]. As
it is known, the light-permeable surface of the solar cell can
be easily contaminated due to the adhesion of dust, organic

pollutants and inorganic particles. Accordingly, the light
transmittance of the surface and the light absorption of the
solar cell could reduce. In addition, cleaning the con-
taminated surface requires extra labor and money. There is
also the possibility of scratching and damaging the surface
during the cleaning. Therefore, the removal of the surface
adsorbed polution from the PV panel is of great importance
[5]. There are three different self-cleaning methods, applied
to clean the PV panels. Electrostatic, mechanical and coat-
ing methods are among these techniques to clean the sur-
faces of the PV panels, which are exposed to the outdoor
conditions. The electrostatic method throws out the dust
from the surface through the electrostatic wave. The
mechanical method consists of four techniques, robotic
method, air blowing method, water blowing method and
ultrasonic vibration method, to expel surface adsorbed dust.
The coating method technology is based on forming a thin
layer of film coating, which can be either hydrophilic or
hydrophobic. The hydrophilic coating reduces the surface
pollution through a photocatalytic degradation reaction,
while the hydrophobic coating rolls the water droplet to
remove the pollution from the surface of the PV panel [8].
The accumulation of the pollution and its effect on the
effiency of the PV cell depends on the tilt angle of the PV
system, the exposure duration, the climate conditions like
the wind condition, the pollution density and the surface
material of the PV system [10, 11].

Tungsten oxide (WO;) has been utilized as a photo-
catalyst for the degradation of the organic pollutants under
the UV light irradiation. WO3; as a photocatalyst has
important features like nontoxicity and chemically stability.
Also, WOj3 exhibits high resistance against acids and it has
high photocorrosion resistance [12]. Due to the specified
properties, WOj5 is preferred in gas sensors, photochromic
and electrochromic device applications. WOj3 can also be
thought as an appropriate anode material in the photoelec-
trochemical water splitting reactions [13]. Although WO;
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can absorb the entire range of the UV light spectrum, the
recombination rate of the photoinduced charge carriers,
generated on WOs;, is high [14]. Forming a p-n hetero-
junction within the composite structure is a best solution to
suppress the recombination of the photoinduced charge
carriers and subsequently to enhance the photocatalytic
activity. When n type and p type semiconductors are
brought together to provide a stable contact, an electric field
will be generated between the semiconductors, providing
the reverse transfer of the charge carriers. The electric field
provides the separation of the photoinduced charge carriers
between the semiconductors [15]. In literature, several stu-
dies have been conducted to promote the separation of the
photogenerated electron-hole pairs on WO3 such as WO;/
TiO; [16], WO5/SnS; [17], WO5/SiO, [18], WO5/CdS [19].
By coupling WO; with another semiconductor possessing a
valence band edge and a conduction band edge more
positive or more negative in level than the valence band
edge or the conduction band edge of WO3, the photoexcited
holes or electrons can move between the bands of the
semiconductor and WO3, suppressing the recombination of
the photoinduced charge carriers on the semiconductor and
WOs;. This event can enhance the photocatalytic activity
[20]. In the scope of the study, WO; was combined with
Si0, in the composite film structure. The sol-gel technique,
known as one of the most efficient methods to prepare the
composite films, was applied to prepared SiO/WO; com-
posite films. The sol-gel technique is relativelty simple and
a low-cost process when compared with the deposition
methods applied under vacuum [21]. Also, ZnO was added
into the composite film to enhance the photocatalytic
activity and subsequently the self-cleaning property. The
application potential of SiO,/WO; and SiO,/WO3/ZnO
films as a self-cleaning coating on a real solar cell was
studied. There were some challenges to be removed before
the self-cleaning coatings could be used in practical appli-
cation. ZnO and WO; exhibit the light-induced super-
hydrophilicity and  these  semiconductors exhibit
photocatalytic activity under UV light irradiation. When
exposed to the UV light, ZnO or WO;3; can degrade any
kinds of organic contaminants or pollution adhering to the
surface of the glass cover of the PV panel. The UV-induced
superhydrophilic property of ZnO and WO; allows water
droplets to spread and flow on the surface of the cover glass,
contributing to the self-cleaning process. Combining the
self-cleaning process and the photocatalytic activity within
a coating is of great importance in terms of the solar energy
technology [21]. However, ZnO or WOj; coatings on the
glass cover of the PV panel could reduce the transmittance
owing to their relatively high refractive index (n=2 for
Zn0O and n = 1.9 for WO3) compared to SiO, (n = 1.5) [22].
On the other hand, SiO, with a low refractive index and low
surface scattering is beneficial and effective in improving
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the light transmission for the glass cover of the PV panel. In
addition, SiO, film exhibits hydrophilicity and self-cleaning
properties owing to the presence of hydroxyl groups in its
chemical structure [21]. However, the superhydrophilicity
of a SiO, film coated on the cover glass of the PV panel
may reduce in time owing to deposition of dust and organic
pollutants, and the photocatalytic activity of SiO, is low
[22]. The optimization of the coated film in terms of the
specified features is a significant and a detailed study was
conducted to achieve a balance between the specified
properties. In literature, there is no study on the self-
cleaning effect of SiO/WO5/ZnO films for solar cells.

2 Experimental
2.1 Materials and methods

Si0,, WO; and ZnO solutions were prepared separately to
prepare SiO,/WO;5; and SiO,/WO3/ZnO films. To prepare
the SiO, solution, tetraethylorthoxylsilicane (TEOS)
(112ml, 0.5mol, 297.5%, ISOLAB) was mixed with a
certain amount of distilled water-anhydrous ethanol solution
(B36ml, 2mol-1090ml, 18.7mol). Then, concentrated
hydrochloric acid solution (~0.2 ml, 36%, 2.3 mmol) was
added into the solution to obtain a final molar ratio of
TEOS : ethyl alcohol : H,O:HCI as 1:37.5:4:0.004. The
expected concentration of SiO, within the final solution was
3 wt.%. The solution was stirred in a closed glass vessel at
the room temperature for 2 h and held in the dark for 1 day
[23]. To prepare the WO;3 solution, sodium tungstate
dihydrate (Na,WOQO42H,0, ACS reagent, Sigma-Aldrich)
(3 g) was dissolved in 20 ml of distilled water and stirred at
the room temperature. HCI solution (20 ml, 8 M, 0.16 mol)
was added into the prepared solution. Then, the solution
was stirred for 2h at 80 °C. After cooling to room tem-
perature, the as-prepared solution was held in the dark for
1 day [24]. On the other hand, zinc acetate 2-hydrate
(Zn(CH5C0OO0),-2H,0, ACS reagent, Sigma-Aldrich) was
used as a precursor of Zn atom to prepare the ZnO solution.
Absolute ethanol (ACS, ISO, Reagent, ISOLAB) and die-
thanolamine (reagent grade, Sigma-Aldrich) were used as a
solvent and a solution stabilizer, respectively. In detail,
0.05 mol of Zn(CH;COO0),-2H,0 was dissolved in ethanol
(100 ml, 1.7 mol) to obtain 0.5 M solution. The as-prepared
solution was stirred for half an hour. Then, 0.05 mol of the
solution stabilizer was added into the solution under stir-
ring. Afterward, the solution was stirred for 30 min. The as-
prepared solution was held in the dark for 1 day [25].

The SiO, solution and the WO; solution was mixed with
varying ratios (80/20, 70/30, 60/40, 50/50, 40/60, 30/70 and
20/80 wt./wt.) to obtain the SiO,/WO; composite solutions.
The composite solutions were stirred for 2 h and held in the
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dark for 1 day. Within the scope of the optimization study,
the optimum SiO,/WO;3; composition was determined by
using the photocatalytic activity measurements. The SiO,/
WO; film composition, resulted the highest photocatalytic
activity, was determined and the optimum SiO,/WO;
composition was used in the remaining studies to prepare
the SiO,/WO3/ZnO composites. In addition, the ZnO solu-
tion was mixed with varying ratios ((SiO,/WO3)/ZnO : 70/
30, 80/20 and 90/10 wt./wt.) with the optimum SiO,/WO;
solution to prepare the SiO,/WO3/ZnO composites. The
composite films were labed as SiO,/WOj3(x/y) based on the
weight ratio of SiO, to WO;. In addition, the composite
films were labed as SiO,/WO3/ZnO(x/y) based on the
weight ratio of Si0,/WO3 to ZnO. Ultrasonic cleaning was
applied to the glass substrates in acetone prior to the dip-
coating process. The as-prepared solutions were deposited
on the glass substrates through the dip-coating technique at
the ambient condition. A constant withdraw speed
(100 mm/min) was applied during the dip-coating process.
After the dip-coating process, the glass substrate was dried
at the ambient condition for 2 h. The as-deposited film was
pre-heated at 100 °C for 1 h to remove the unreacted volatile
species. Afterward, it was annealed at 400 °C for 2h to
provide the growth of the crystalline phase [23]. As a
process parameter, the number of the dip-coating cycle was
changed to investigate the effect of the film thickness on the
photocatalytic activity, the light transmittance ratio and the
efficiency loss of the solar cell.

2.2 Structural, morphological and optical
characterization

Fourier transform infrared (FTIR) spectra of the film sam-
ples was obtained by scanning between the wavenumber
range of 4000-400 cm ™' using a Bruker IFS 66/S model
FTIR spectrophotometer with a resolution of 4 cm™". It was
planned to evaluate the chemical bond structures of the
photocatalyst systems using the FTIR spectrocopy. X-ray
diffraction (XRD) patterns of the film samples was recorded
to identify the crystal structure. A Rigaku Ultima IV model
X-ray diffractometer was used with monochromatic Cu Ko
radiation (A=1.5406A) at a scan rate of 1°/min. The
morphology of the coated films was examined with a
QUANTA 400F fied emission scanning electron micro-
scope (FESEM). A conductive coating was deposited on the
samples prior to the analysis. The distribution and the
interaction of the composite constituents within the com-
posite structure was examined using the FESEM images.
The elemental composition of the film samples was inves-
tigated by energy dispersive X-ray (EDX) spectroscopy
(JXA-8230 EDX Microanalysis Instrument).

The transmittance and absorbance spectrum of the coated
films were recorded in the wavelength range of 200-800 nm

using a Genesys 10 S (Thermo Scientific) model spectro-
photometer. The UV-Vis absorbance spectrum was used to
determine the optical band gap of the coated film by using
the Tauc equation given below [2]:

ahv = A(hv — Eg)'* (1)

at which a, Eg and hv are the absorption coefficent, the
optical band gap energy and the photon energy, respec-
tively. The optical band gap energy was estimated by
extrapolating the linear part of the curve to the x-axis on the
plot of (achv)? vs. hv. The film thickness was calculated
using the transmittance spectrum of the as-prepared film
samples through the following equation [26]:

d = 1/n(2/4(2m + 1)) )

at which d is the film thickness, were m (=0, 1, 2, 3, ...) is
the order of the minimum transmittance (T, abs) and n is
the refractive index. The refractive index (n) at the absolute
minimum transmittance (T, .s) Was calculated using the
following equation [26]:

n= ((n0n2)0.5)(1 + (1= Tminabs)o's)/(Tmi“abs)o's) ®)

where ny (ng=1) is the refractive index of air and n,
(n, = 1.515) is the refractive index of the glass plate.

The film coatings should not reduce the efficiency of the
solar cell due to a possible decrease in the solar light
transmittance. The negative effects of self-cleaning coatings
on the efficiency of the solar cell was also examined in the
scope of this study. Most of the studies conducted on the
self-cleaning coatings for the PV system have neglected to
measure the efficiency loss that might occur in the solar cell.
The efficiency of the self-cleaning coated solar cell and the
uncoated solar cell was compared. The efficiency of a solar
cell was calculated using the following equation:

n(efficiency) = Voc Isc FF/P;, (4)

where Vg is the open-circuit voltage, Isc is the short-
circuit voltage and FF is the fill factor. The glass substrate
coated with the self-cleaning coating was placed on the top
of a solar cell and the efficiency of this solar cell was
measured. As a reference, an uncoated glass substrate was
also placed on the top of the solar cell and its efficiency
was measured.

2.3 Characterization of the photocatalytic activity
and the self-cleaning performance

The photocatalytic activity of the as-prepared coatings,
soiled with a model organic compound (methylene blue),

@ Springer



188

Journal of Sol-Gel Science and Technology (2024) 110:183-203

was monitored under UVA light irradiation (12 W). For this
purpose, the coated film samples were immersed into the
methylene blue solution (10 mg/l) and then dried in the air
atmosphere. The coatings adsorbed with methylene blue
was irradiated with UVA light and at certain time intervals
(30 min.), the degradation of methylene blue on the coatings
was evaluated by measuring the reduction in the absorbance
maximum peak of the model compound (664 nm) using a
Genesys 10 S model (Thermo Scientific) spectrophotometer
by the following equation [5]:

(Ao —A)/Ao (5)

where A is the initial absorbance of methylene blue and A
is the absorbance of methylene blue after the UV light
irradiation. The average result of three dye degradation
measurements was reported for each film. For comparison
purposes, the photocatalytic activity of the optimum SiO,/
WO; film, soiled with methylene blue, was also monitored
under visible light irradiation (300 W, Osram Ultravitalux).
The two most conventional techniques to investigate the
photocatalytic self-cleaning property of the coated film are
the dye method and the stearic acid method. In both
methods, the dye and the stearic acid are considered as
organic contamination, and the decomposition process of
the organic contaminants under UV radiation can be studied
to analyze the self-cleaning process. For this purpose, the
water contact angle can be measured for the film coated
with the organic dye or the fatty acid (stearic acid) [2, 27].
The photocatalytic self-cleaning activity of the optimum
Si0,/WO5 and SiO,/WO3/Zn0O films was analyzed using
the water contact angle measurement following the dye
method. According to the dye method, methylene blue was
dissolved in distilled water (10 mg/l) and it was tried to be
adsorbed on the coated films by the dip coating technique.
The sample containing the organic pollutant was then
exposed to the UVA light. The degradation of the organic
pollutant was observed by measuring the water contact
angle on the glass surface at certain time intervals (30 min).
The contact angle measurement of the water drop was

Degradation efficiency (%) =

performed at 3 different points on the coating surface
according to the fixed drop (sessile drop) method using an
optical tensiometer (Theta Lite, Biolin Scientific). Average
result of three measurements was reported for each film
[27].

3 Results and discussion
3.1 FTIR analysis

As illustrated in Fig. la, FTIR absorbance spectrum con-
firmed the successful synthesis of SiO,. There is a broad band
on the FTIR spectrum of SiO, from 2800 to 3800 cm !,
assigned to the presence of the O-H group [28]. In addition,
there is a weak absorbance peak at 1623 cm ™', assigned to the
O-H stretching bond [28]. On the other hand, there are strong
absorbance peaks at 453, 819 and 1074 cm” !, attributed to the
asymmetric and symmetric Si-O-Si stretching vibrations
[28, 29]. The weak absorbance peak at 1378 cm™! might be
due to the C-H bond of the SiO, precursor (TEOS) [29]. On
the FTIR spectrum of pure WOj5 film (Fig. 1b), there is a
broad absorbance band at around 590cm™! and a sharp
absorbance peak at around 800 cm ™!, which were attributed
to the W =0 stretching bond and the O-W-O stretching
bond, respectively [30]. FTIR spectrum of pure ZnO film
illustrates characteristic peak of ZnO at 482 and 555 cm™!,
which were attributed to the Zn-O stretching vibrations (Fig.
1c) [31]. In addition, there are additional peaks at 865, 1039,
1392 and 1629 cm™!, which were assigned to the symmetric
bending of the H-O-H bond, the stretching vibration of the
C-O bond of the primary alcohol, the secondary alcohol
vibration and the vibration mode of alkyls, respectively
[31, 32]. Also, there is a wide absorbance band at around
3438 cm™! and peaks at 2896, 2975 cm™ ! due to the to the
stretching vibration of hydroxyl compounds [31, 32].

In Fig. 1d, FTIR absorbance spectrum of the composite
film sample confirmed the successful synthesis of both SiO,
and WOj together. The characteristic absorbance peaks of

(a)

b)

Absorbance (a.u.)

= O IO

M (e)

(d)

Absorbance (a.u.)

4000 3600 3200 2800 2400 2000 1600 1200 800

Wavenumber (cm™)

400

4000 3600 3200 2800 2400 2000 1600 1200 800
Wavenumber (cm™)

400

Fig. 1 FTIR spectrum of (a) SiOs, (b) WOs, (¢) ZnO, (d) SiO»/WO5(30/70) and (e) SiOo/WO5/ZnO(70/30) films
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WO; were observed at 667 and 966 cm ™!, assigned to the
W = O stretching bond [30]. The spectrum also presents the
characteristic peak of WO; at 957 cm™!, belonging to the
stretching of short W = O bonds of WO3.H,O. On the other
hand, the characteristic peaks of SiO, were observed at 467,
797 and 1083 cm™!, attributed to the Si-O-Si stretching
vibrations [28, 29]. In addition, there is a weak absorbance
peak at 1629 cm™!, which was attributed to the Si-OH
vibrations [29]. FTIR spectrum exhibits a broad band at
around 3410 cm ™! due to the O-H group [28]. On the FTIR
spectrum of the Si0O,/WO5/ZnO(70/30) (Fig. le), the char-
acteristic absorbance peak of SiO, due to the Si-O-Si
stretching  vibrations appears at 463 and 1067 cm™!,
respectively [28, 29]. The peak present at 515 cm ™! might
belong to the Zn-O stretching vibrations [31]. Characteristic
peaks of WO; due to the W = O stretching bond and the O-
W-O stretching bond are present at 620 and 806 cm ™',
respectively, on the same spectrum [30]. On the spectrum,
there are additional peaks at 871, 1624, 3445 and
3512 cm™!, which were attributed to the stretching vibration
of hydroxyl compounds [28, 31, 32].

3.2 XRD analysis

The XRD analysis was conducted to investigate the crystal
structure of pure and composite film samples. Figure 2a
illustrates the XRD pattern of the SiO, film. The XRD
profile of the SiO, film exhibited a broad peak at round 23°
owing to the formation of amorphous SiO, nanoparticles
[33]. According to Fig. 2b, all the peaks on the XRD pat-
tern, in well accordance with the JCPDS No. 83-0950,
might be consigned to the monoclinic WOj; crystal phase.
The more intense peaks at 23.6°, 24.3°, 26.6°, 28.8°, 34.1°,
41.9°, 48.4°, 49.9° and 55.8° corresponding to the (002),
(200), (120), (112), (202), (222), (040), (—114) and (142)
planes provided a strong evidence for the monoclinic WO;
phase [34]. Figure 2c illustrates the XRD pattern of pure
ZnO film. The peaks of the ZnO film belongs to the typical
hexagonal wurtzite structure. The diffraction pattern

exhibited sharp and intense peaks at 31.9°, 34.5°, 36.4°,
47.7°, 56.7°, 63.0° and 68.1° corresponding to the (100),
(002), (101), (102), (110), (103) and (112) planes of the
ZnO phase, respectively (JCPDS No. 36-1451) [35]. No
impurity phase was observed for pure ZnO, revealing the
successful synthesis of ZnO in the film structure.

Figure 2d shows the XRD pattern of the Si0,/WO3(30/70)
film sample. The XRD pattern exhibited characteristic peaks
of the WOj; phase corresponding to the (002), (200), (120),
(112), (202), (222), (040), (—114), (142) and (142) planes at
the diffraction angle of 23.6°, 24.3°, 26.6°, 28.6°, 34.1°,
41.8°, 48.3°, 49.9°, 55.7° and 56.4°, respectively [34]. The
broad peak belonging to the amorphous SiO, structure could
not be detected on the XRD pattern of the composite film.
Within the composite structure, the amorphous SiO, phase
might be converted to the crystalline phase. According to the
standard card of the crystalline SiO, (JCPDS data of 46-
1045), there are two characteristic peaks of SiO, at 21.1° and
26.6° [36]. The peak at 21.1° was not present on the XRD
pattern of the composite film sample. The peak at 26.6° might
be lost in the peak of WOj; at 26.6°. When compared with
pure WOs;, there was a slight shift in the peak position toward
the side of smaller diffraction angle with the composite film
structure. Figure 2e illustrates the XRD pattern of the SiO,/
WO3/ZnO(70/30) film sample. The XRD pattern exhibited
characteristic peaks of the WO; phase corresponding to the
(002), (200), (120), (112), (222), (040), (—114) and (142)
planes at 20 values of 23.8°, 24.5°, 25.9°,29.9°, 41.3°, 48.3°,
48.7° and 55.6°, respectively [34]. The same pattern included
characteristic peaks of the ZnO phase at 31.2°, 33.6°, 36.6°,
47.7°, 64.7° and 68.2° [35]. The characteristic peak belong-
ing to the crystalline SiO, phase was present at 21.1°, sug-
gesting that the amorphous SiO, phase was converted to the
crystalline phase [36].

3.3 Morphological analysis

Figure 3 shows the FESEM images of pure SiO,, pure WO;
and pure ZnO film samples. Pure SiO; film is homogeneous
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Intensity (a.u.)

(b)
(a)

(d)

Intensity (a.u.)

(©)

20 25 30 35 40 45 50 55 60 65 70
20 (degree)

20 25 30 35 40 45 50 55 60 65 70
20 (degree)

Fig. 2 XRD spectrum of (a) SiO,, (b) WO3, (¢) ZnO, (d) SiO,/WO5(30/70) and (e) SiO,/WO3/ZnO(70/30) films
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and without cracks over a wide area. In addition, the SiO,
film has a smooth surface area. On the other hand, there is
no smooth surface area with the WO; and ZnO films. There
was a significant grain growth on the WO; and ZnO film
surfaces. The crystal grains were less tightly packed on both
of the film surfaces. When compared with the WOj3 film
surface, the surface of the ZnO film seems to be smoother.
Figure 3 also shows the EDX spectrum of pure SiO,, pure
WOj3; and pure ZnO film samples. The EDX spectroscopy
proved the successful synthesis of SiO,, WOz and ZnO
films from their precursor solutions.

Figure 4 illustrates the FESEM images of the SiO,/
WO0;(30/70) film and the SiO,WO5/Zn0O(70/30) film

2/15/2023 | det HV mag |[spot| WD | =———2um
4:01:48 PM | ETD [30.00 kV |50 000 x | 3.0 [12.6 mm|

2/15/2023 | det HV mag |spot|] WD | r
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samples. The surface structure of the Si0,/WO3(30/70) film
is similar to the surface structure of pure WO; film. There
was also a significant grain growth on the composite film
surface. The grain structure might belong to the WOj3; phase
of the composite film. Compared to pure WO; film, the
grain structures seem to be smaller. As the WO; phase was
the dominant phase in the composite, smooth surface areas
belonging to the SiO, phase were not obvious on the
FESEM image of the SiO,/WO3(30/70) film sample. The
SiO, phase might be embedded into the WO; phase,
forming a homogeneous SiO,/WO; film layer. On the
FESEM image of the Si0,/WO3/ZnO(70/30) film, there was
also a significant grain growth. There are two different grain
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Fig. 4 FESEM image and EDX spectrum of (a) SiO»/WO5(30/70) and (b) SiO,/WO3/ZnO(70/30) films
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Fig. 5 Optical microscopy

image of (a) SiO,, (b) WO3, (c)
Zn0, (d) Si0,/WO5(30/70) and
(e) SiO,/WO;/Zn0O(70/30) films

structures in two different sizes. The larger grain structures
might belong to the ZnO phase and the smaller grain
structure might belong to the WO; phase. Compared to the
Si0,/W05(30/70), the surface structure of the SiO,/WO5/
Zn0O(70/30) seems to be less smooth. EDX spectrum of the
Si0,/WO05(30/70) film and the SiO,/WO3/Zn0O/70/30 film
samples exhibited all the elements of the composite con-
stituents. According to the EDX spectra, both of the com-
posite films were successfully prepared.

Figure 5 illustrates the optical microscopy image of the
film samples. In all images, there are very few cracks. The
cracks, which could occur during the dip coating and drying
processes due to the removal of solvent at high speeds,
might disappear during the annealing process at 400 °C. The
dark spherical regions in the SiO,/WO5(30/70) film might
belong to the WOj; phase. The optical microscope images of
pure SiO, and pure WOj; films supported this idea. Pure
SiO, film includes only crack and there are no dark

@ Springer

spherical regions. On the other hand, pure WO; film
includes only a large dark region. According to the optical
microscope images, smooth and homogeneous film surfaces
were obtained. The optical microscope image of the SiO,/
WO3/ZnO film is similar to the image of the SiO/WOj; film.
As a difference, there are more dark regions in different
sizes. Small-sized and large-sized regions might belong to
the WO; and ZnO phases, respectively.

3.4 Light transmittance study

Figure 6 shows the light transmitance spectrum of the film
samples. Pure WOj; film exhibited low transmittance of about
44% between 300 and 800 nm, whereas pure SiO, film
exhibited high transmittance (~92%) in the same region.
Hence, an increase in the WO; content of the composite film
resulted in a reduction in the average transmittance in the
whole visible region (Fig. 6d—j). According to Fig. 6d,
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Fig. 6 Transmittance spectrum of (a) SiO,, (b) WO3, (¢) ZnO, (d)
Si0,/WO05(80/20), (e) SiO/WO5(70/30), (f) SiO,/WO3(60/40), (g)
Si0,/WO05(50/50), (h) SiO,/WO5(40/60), (i) SiO,/WO5(30/70), ()

uncoated glass slide transmitted more UVA light between
320 and 470 nm than the glass slide coated with the SiO,/
WO;(80/20) film. The transparency of the SiO,/WO5(80/20)
film in the visible light spectrum (above 470 nm) was almost
3% higher than that of uncoated glass slide. The reason for
the enhancement in the transparency might be the reduced
reflectance on the SiO,/WO;(80/20) film. Figure 6e, f exhibit
the transmittance spectra of the SiO,/WO3(70/30) and SiO,/
WO;(60/40) film samples. The average transmittance of the
Si0,/WO5(70/30) and SiO,/WO3(60/40) film samples in the
visible light range was almost 85 and 86%, respectively. As
compared to uncoated glass slide (91%), the Si0O/WO5(70/
30) and SiO,/WO5(60/40) film samples exhibited lower
transmittance. The average light transmittance of the SiO,/
WO5(50/50) film in the visible region was around 91%,
which was almost the same light transmittance as the
uncoated glass slide. The remaining film samples (SiO,/
WO;(40/60), SiOx/WO3(30/70) and SiO,/WO3(20/80))
showed average transmittance between 77 and 70% in the
visible light region (Fig. 6h—j).

The Si0/WO5(30/70) composite film was also combined
with ZnO during the dip coating process. Pure ZnO film
exhibited nearly high light transmittance (~88%) in the
visible light range as the uncoated glass slide. Hence, it was
expected that the contribution of the ZnO phase into the
SiO,/WO; composite structure might enhance the light
transparency. As expected SiO,/WO3/ZnO film systems

500

660
(nm)

800

Si0,/WO05(20/80), (k) Si0/WO3/ZnO(90/10), (1) Si0O/WO3/ZnO(80/
20), (m) SiOx/WO3/ZnO(70/30) and (n) uncoated glass slide

provided higher transmittance than that of the SiO,/WO3(30/
70) film sample (Fig. 6k). The SiO,/WO03/ZnO(90/10) has an
average transmittance of 83% in the visible light region. The
transmittance of the SiO,/WO5/ZnO film samples increased
with the ZnO content. The Si0,/WO53/Zn0O(80/20) and SiO,/
WO5/ZnO(70/30) film samples achieved average transmit-
tance of 85 and 87%, respectively (Fig. 61, m). The absorber
layer of the solar cell should have an optical band gap,
optimized relative to the solar spectrum for maximum energy
conversion through the photovoltaic effect. A narrow optical
band gap increases the number of photons absorbed by the
solar cell, while a wide optical band gap increases the useful
energy obtained from each receiving photon. This leads to an
optical band gap between 1.1eV and 1.5eV with a max-
imum solar-to-electrical power-conversion efficiency of
~30% for non-concentrated terrestrial solar illumination [37].
Hence, the film coating on the glass cover of the solar cell
should have high transmittance between 1.1 eV and 1.5eV
(825 nm and 1125 nm). The light transmittance for the SiO,/
WO; film samples varied between 74 and 96%, and the light
transmittance for the Si0,/WO3/ZnO film samples varied 86
and 88% at 800 nm. Relatively high light transmittance at
800 nm was obtained with all film samples. The thickness of
the coated film samples was estimated using the transmit-
tance spectrum of the as-prepared samples following proce-
dure of Salvaggio and his coworkers [26]. The calculated
film thickness values, using the transmittance data, varied
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between 10 and 100 nm for the SiO,/WQO; and the SiO,/
WO3/ZnO film samples (Table 2). There was no significant
change in the film thickness depending on the composition
both for the Si0,/WOj3 and the Si0»/WO3/Zn0 film samples.

Within the scope of the optimization study, the number
of the dip-coating cycle was changed to investigate the
effect of the film thickness on the light transparency. Fig. S1
exhibits the transmittance spectra of the SiO,/WO3(30/70)
film sample. The average transmittance of the SiO,/
WO5(30/70) (1-fold coating), SiO,/WO5(30/70) (2-fold

Table 2 The refractive index (n) at the absolute minimum
transmittance and the film thickness of the SiO,/WO; and SiO,/
WO3/ZnO film samples calculated using the transmittance data

Sample A (nm) Tnin abs n d (nm)
Si0/W05(80/20) 298 0.63471 2.48 90.17
Si0/WO5(70/30) 292 0.68155 2.33 93.90
Si0/WO5(60/40) 293 0.0239 15.83 13.88
Si0/WO5(50/50) 290 0.4502 3.19 68.08
Si0,/WO05(40/60) 290 0.33663 3.85 56.50
Si0/WO05(30/70) 294 0.01715 18.72 11.78
Si0,/W05(20/80) 305 0.57659 2.68 85.49
Si0/WO5/Zn0O(70/30) 290 0.7093 225 96.69
Si0,/WO5/Zn0O(80/20) 287 0.76122 2.10 102.49
Si0,/WO5/Zn0O(90/10) 290 0.58877 2.63 82.61
b
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coating) and SiO,/WO5(30/70) (3-fold coating) film sam-
ples in the visible light range was almost 72, 65 and 57%,
respectively. In addition, the average transmittance of the
Si0,/WO5/ZnO(70/30)  (1-fold coating), SiO,/WO;/
Zn0O(70/30) (2-fold coating) and SiOx/WO3/ZnO(70/30)
(3-fold coating) film samples in the visible light range was
almost 87, 72 and 63%, respectively. When the number of
the dip-coating cycle increased, the light transparency
decreased for the film samples. With an increase in the
number of the dip-coating cycle, the film thickness might
increase or the film might turn into a denser structure.

3.5 UV-Vis spectrocopy

As shown in Fig. 7, the SiO,/WO5(80/20) film sample
exhibited absorption in the UVA light region (315-400 nm).
When the WOj; content of the film sample increased, the
absorption band widened to the visible light region and the
optical absorption of the composite film samples in the
UVA light region was significantly improved. Pure WO;
film exhibited absorption in both UV and visible light
regions, while pure SiO, film exhibited low absorption only
in the UV range (~300 nm). As expected WO; contribution
improved the optical absorption ability of the composite
film. It would be appropriate to extend the photocatalytic
reaction application to the visible light region. But, it can be
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Fig. 7 Absorbance spectrum of (a) SiO,, (b) WO3, (¢) ZnO, (d) SiO,/
WO5(80/20), (e) SiOx/WO5(70/30), (f) SiO,/WO3(60/40), (g) SiOy/
WO5(50/50), (h) SiO,/W03(40/60), (i) SiO/WO5(30/70), (j) SiO,/
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detrimental to the solar cell in terms of the efficiency. The
photovoltaic market is mainly based on crystalline silicon,
which can absorb almost one-third of usable solar photons.
Photons in the red and near-infrared portion of the sun light
spectrum (700-1100 nm) can be absorbed by the silicon.
Photons with shorter wavelengths can be absorbed by the
silicon. But, they have more energy than the silicon needs,
causing the excess energy to be released as heat [38]. As
specified before WO; widened the edge of the absorption
band to the visible light, which might lead to a decrease in
the intensity of the sun light reaching to the absorber layer
of the solar cell. Any decrease in the number of photons in
the visible light region (400-700 nm) might affect the solar
cell efficiency.

As estimated from the Tauc plot (Fig S2), the optical
band gap energy of pure SiO, and WO; films were esti-
mated to be 4.80eV and 2.35eV, respectively. According
to Fig. S3, the optical band gap energy was calculated to be
295eV, 2.80eV, 2.15eV, 2.35¢eV, 2.45¢eV, 2.00eV and
2.25eV for SiOy/WO3(80/20), SiO,/WO5(70/30), SiO,/
WO;(60/40), SiOx/WO3(50/50), SiO,/WO5(40/60), SiOy/
WO5(30/70) and SiO,/WO5(20/80), respectively. It was
expected that the optical band gap energy would decrease as
the WO; content of the composite film sample increased.
The optical band gap energy of the composite film samples
ranged from 2.00eV to 2.95eV.

The UV-Vis absorption spectrum of the SiO»/WO3/ZnO
film samples is also shown in Fig. 7. The SiO,/WO3/
7Zn0(90/10) film sample has a weak absorption in the UV
region (in the range of 250—400 nm). The intensity of the
absorption band increased as the ZnO content of the film
sample increased. Since the solar cell generates electricity
by absorbing mostly the visible light region of the incoming
sunlight, absorption in the UV light range was not expected
to have a negative impact on the efficiency of the solar cell.
According to the Tauc plot analysis (Fig. S4), the optical
band gap energy was estimated to be 2.70 eV, 2.95eV and
3.20 eV for the Si0/WO3/Zn0O(90/10), Si0»/WO3/ZnO(80/
20) and SiO,/WO5/ZnO(70/30) film samples, respectively.
The optical band gap of the SiO,/WO3/ZnO film sample
was widened with an increase in the ZnO content, which
might be detrimental to the photocatalytic activity and
beneficial to the solar cell efficiency.

3.6 Photocatalytic dye degradation efficiency

WO; has been widely studied as a photocatalyst due to its
superior properties such as photostability, non-toxicity, che-
mical and thermal stability. In addition, it exhibits excellent
solar radiation absorption due to its favorable band gap [39].
However, there is a main problem, limiting the pratical
application of WOj;. The rapid recombination of the photo-
excited electrons with holes leads to a low quantum

efficiency and photocatalytic dye degradation efficiency. In
literature, many attempts have been performed to reduce the
recombination rate of the photoinduced charge carriers on the
photocatalyts. Coupling WO; with another semiconductor
can reduce the recombination rate of the mobile charge
carriers [39, 40]. Within the scope of the coupling WO;3 with
another semiconductor, WO;3; was combined with SiO, in the
composite film structure. The photocatalytic degradation of
methylene blue might be composed of four steps. When the
film sample was exposed to UV light, the valence band
electrons were excited to the conduction band to form pho-
toexcited electron-hole pairs (6). The photoinduced charge
carriers transferred to the surface of the film sample and
reacted with the dye molecules. The surface adsorbed H,O
molecules might be oxidized by the photogenerated holes to
hydroxyl radicals (7) and the dissolved O, molecules might
be reduced by the photogenerated electrons to superoxide
radicals on the surface of the film samples (8). Both of these
radicals are highly active and can degrade any organic
molecules into simple molecules like H,O and CO, (9) [41].

Si0,/WO; +hv — e~ +h™ (6)
H,O +h* — OH + H* (7)
O +e — -0, (8)

-:0,_ + -OH + organic dye — degradation products 9)

Figures S5 and S6 illustrate UV-Vis absorption spectra
of methylene blue in the presence of pure and the Si0,/WO;
composite film samples. The absorption intensity decreased
gradually with time under the UVA light irradiation for all
film samples. At the end of 240 min of UVA light irradia-
tion, the maximum absorption peak of methylene blue
decreased to the lowest value with the SiO,/WO5(30/70)
sample, which means that the highest photocatalytic dye
degradation was obtained with the specified film sample.
The photocatalytic dye degradation efficiency of the as-
prepared film samples was calculated using the initial
absorbance of the dye solution and the absorbance value of
methylene blue solution exposed to the UVA light irradia-
tion. In order to better compare the photocatalytic activity of
the SiO,/WOj; composite films, all dye degradation effi-
ciency values were plotted in Fig. 8. After 240 min of the
UVA light irradiation, the photocatalytic dye degradation
efficiency was 25.2, 46.1, 53.5, 68.8, 75.2, 84.6, and 58.2%
for the Si0O,/W05(80/20), Si0,/WO3(70/30), SiO,/WO3(60/
40), SiO,/WO3(50/50), SiO,/WO5(40/60), SiO,/WO3(30/
70) and SiO»/WO5(20/80) films, respectively. The SiO,/
WO3(30/70) film sample exhibited the highest photo-
catalytic activity. When compared with pure SiO, and pure
WO; film samples, there was a significant enhancement in
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Fig. 8 Photocatalytic degradation rate of methylene blue on (a) SiO,, (b) WOs3, (¢) ZnO, (d) SiO,/WO5(80/20), (e) SiO,/WO;(70/30), (f) SiO,/
WO5(60/40), (g) SiO/WO3(50/50), (h) SiO./WO;(40/60), (i) SiO-/WO3(30/70), (j) SiOx/WO05(20/80) films

the photocatalytic activity of the composite film samples
(Fig. 8). Pure SiO, and pure WOj; film samples were able to
degrade 5.6 and 24.0% of methylene blue, respectively,
after 240 min of the UV A light irradiation. According to Hu
and his coworkers (2012), the interaction between SiO, and
WOj; in the composite structure might led to the formation
of the oxygen vacancy. The oxygen vacancy led to the
formation of a defect state between the conduction and
valence bands of WO;. The specified defect state might act
as the hole trap, suppressing the recombination rate of the
photogenerated electron-hole pairs [42]. Any effect that
decreases the recombination rate of the photoinduced
electron-hole pairs or increases the number of charge car-
riers positively affects the photocatalytic efficiency. In lit-
erature, according to Li and his coworkers (2014), the SiO,
surface was rich in the hydroxyl radicals in the aqueous
medium. The increase in the number of the hydroxyl radi-
cals on the SiO, surface improved the ability of the com-
posite sample to retain the adsorbed water, which might
result in an increase in the reaction rate between the dye
molecules and WO;. In addition, SiO, had a high tendency
to trap the photoexcited electrons in its conduction band,
suppressing the recombination rate of the photogenerated
electron-hole pairs [17]. The electron trapping ability of
SiO, might also be the reason for the significant enhance-
ment in the photoactivity of the Si0,/WQO3; composite film
sample. The trapping of the photoexcited electrons of WO;
on the conduction band of SiO, might contribute to the
effective separation of the mobile charge carrier, which are
necessary to form the active radicals responsible for the
degradation of the organic dye molecules. The weight ratio
of SiO, to WOj; was critical in terms of the photocatalytic
activity. The weight ratio of the composite constituents
might affect the contact effectiveness between SiO, and
WO; particles. The excess of any of the composite com-
ponents might reduce the contact between the SiO, and
WOj; particles. According to Fig. 8, the optimum compo-
sition (Si0,/WO3(30/70)) might provide the effective
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contact between SiO, and WO; particles. Increasing or
decreasing the WO; content of the composite from the
optimum value might reduce the contact interface between
Si0, and WOj; particles, suppressing the effective transfer
of the photoinduced electron-hole pairs between the com-
posite constituents. Hence, many photoinduced charge
carriers might recombine on SiO, and WO3;, decreasing the
photocatalytic dye degradation efficiency [43]. To study the
effect of the light source on the photocatalytic activity of the
film, the optimum composition (Si0,/WO3) was also tested
under visible light irradiation. According to the photo-
catalytic dye degradation results, there was no significant
difference in the dye degradation rates (Fig. S7). The SiO,/
WO3(30/70) film exhibited 83.6% dye degradation rate
under the visible light irradiation after 240 min. Hence, no
significant effect of the light source on the photocatalytic
activity was observed.

According to [43], the bottom energy state of the con-
duction band for WO; and SiO, were equivalent to
—0.66eV and —0.56eV (vs NHE), respectively. The top
energy state of the valence band for WO; and SiO, were
equivalent to 2.26 eV and 3.65eV (vs NHE), respectively.
Coupling WOj3 and SiO; in the composite structure affected
the charge transfer by different pathways, leading to an
improvement in the photocatalytic activity [43]. The contact
points between SiO, and WO;3 might have a significant role
in suppressing the recombination of the photoexcited
electron-hole pairs, which was also confirmed by [43]. The
Si0,/WO;3; composite could form hydroxyl radicals from
surface adsorbed water molecules because the composite
could provide sufficient driving force for the formation of
the oxidation reaction of OH/*OH (1.99 eV vs. NHE). In
addition, the composite sample could form superoxide
radicals from surface adsorbed oxygen molecules because
the conduction band position of both WO;5; and SiO, could
overcome the thermodynamic barrier of the reduction
reaction of O,/*O,” (—0.33 eV vs NHE) [43]. Because of the
potential differences in the band energy levels of SiO, and
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Fig. 9 Proposed photocatalytic degradation mechanism of methylene blue on (a) SiO/WOj; film and (b) SiO/WO3/ZnO film
Table 3 Reaction rate constant values adjusted according to the 1
pseudo-first-order kinetic model
Sample k (min™ ") R? 0.8 1 @
Si0/W05(80/20) 0.0015 0.7897 0.6 1
Si0/WO5(70/30) 0.0027 0.9913 ; }
Si0,/WO5(60/40) 0.0036 0.9088 ~ 0.4 1 I : b)
Si0/WO5(50/50) 0.0059 0.7879
Si0,/WO5(40/60) 0.0065 0.9369 0.2 A ©)
Si0,/W05(30/70) 0.0078 0.9905
Si0,/W05(20/80) 0.0038 0.9970 0 T T T T ‘ ‘ ‘
. 0 30 60 90 120 150 180 210 240
Pure Si0, 0.0002 0.9705 Irradiation time (min.)
Pure WO; 0.0012 0.9833 Fia 10 Ph Ivtic deeradati ¢ methvlene bl (@ Si0y/
ig. otocatalytic degradation rate of methylene blue on (a) SiO,
Pure ZnO 0.0163 02326 W0,Zn0©0/10), (b) SiO/WO4ZnO(80/20) and () SiOy/WOy/
Si0,/WO5/Zn0O(70/30) 0.0110 0.9705 ZnO(70/30) films
Si0,/WO5/Zn0O(80/20) 0.0088 0.9939
Si0,/'W0O5/Zn0O(90/10) 0.0088 0.9914  plot of In(C/Cy) vs. t (Fig. S8). Fig. S8 confirmed that the

WO;, the photoexcited electrons of WO; could transfer to
the conduction band of SiO, (Fig. 9). The opposite was true
for the photoexcited holes formed on SiO,. The photo-
generated holes of SiO, could transfer to the valence band
of WOj;. Thus, the photoinduced electron-hole pairs might
be effectively separated. The superoxide radicals might be
generated directly or indirectly by the photoinduced elec-
trons of SiO, and WOj;. Similarly, the hydroxyl radicals
might be formed directly or indirectly by the photoinduced
holes of WO;3 and SiO, [43].

The Langmuir-Hinshelwood model was utilized to ana-
lyze the reaction rate of heterogeneous photocatalysis for
the degradation of methylene blue on the film samples. The
Langmuir-Hinshelwood model formula is given below [44]:

In(Cy/C) = kt (10)

where Cy and C are the concentration of methylene blue
solution before and after the UVA light irradiation,
respectively. In addition, k is the apparent pseudo-first-
order reaction rate constant, which was obtained from the

pseudo-first-order was followed by the photocatalytic dye
degradation reactions in the presence of the SiO,/WO; film
samples. The reaction rate constant values were compared
on Table 3. The highest reaction rate constant was obtained
with the Si0,/W0O5(30/70) film sample. Compared to pure
SiO, and WOj; film samples, a significant increase in the
reaction rate of the photocatalytic degradation of methylene
blue was obtained with the SiO,/WO0O3(30/70) film sample
(Table 3).

To enhance the photocatalytic dye degradation efficiency
of the Si0O,/WO3 composite system, it was also coupled
with a well-known photocatalyst ZnO. Since the highest
photocatalytic activity was obtained with the Si0,/WO3(30/
70) film sample, this composition was utilized to prepare the
SiOo/WOs3/ZnO composite films. Fig. S9 shows the
absorption spectrum of methylene blue in the presence of
Si0,/WO5/ZnO film samples. A decrease in the absorption
spectrum intensity was observed with time under the UVA
light irradiation. Figure 10 illustrates the percentage of the
photocatalytic degradation of the model dye in the aqueous
solution using the Si0Ox/WO3/ZnO film samples. Compared
to the optimum SiO,/WO; composite film sample (SiO,/
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Fig. 11 Photocatalytic degradation rate of the model dye on SiO,/WO5(30/70) film and SiO»/WO3/ZnO(70/30) film prepared by varying dip-

coating cycles

WO3(30/70)), the photocatalytic degradation percentage of
methylene blue was enhanced on the SiO,/WO3/Zn0O film
sample. Combining the optimum SiO,/WO;3 composition
with ZnO seemed to be effective in terms of the photo-
catalytic activity. The maximum dye degradation percen-
tage for Si0,/WO5/Zn0(90/10), Si0,/WO5/ZnO(80/20) and
Si0,/WO05/Zn0O(70/30) was obtained as 86.1, 86.3 and
91.6%, respectively (Fig. 10).

Figure S10 illustrates the kinetics of the photocatalytic
degradation of the model dye. The degradation kinetics
seemed to fit to the pseudo-first-order reaction model
(Table 3). The reaction rate constant value for SiO,/WO;/
Zn090/10), SiOxy/WO5/ZnO(80/20) and SiO,/WOs/
Zn0O(70/30) were 0.0088, 0.0088 and 0.0110 min ',
respectively. The reaction rate constant values revealed that
the SiO,/WO3/ZnO composites were more active to
degrade the dye molecules under the UVA irradiation. With
the contribution of ZnO to the SiO,/WO; composite sys-
tem, the reaction rate was increased by about 1.4 times.
Due to its high photocatalytic activity, ZnO might enhance
the photocatalytic dye degradation efficiency of the
resulting composite system.

According to Lu and his coworkers (2016), the bottom
energy state of the conduction band for ZnO was equivalent
to —0.26eV (vs NHE) and the top energy state of the
valence band for ZnO was equivalent to 2.85 eV (vs NHE)
[45]. When ZnO was combined with SiO,/WO3, the con-
duction band potential of ZnO was more positive than that
of SiO, and WO; (Fig. 9). In addition, the valence band
potential of ZnO was more positive than that of WO;. Thus,
the photoinduced electrons of both WO; and SiO, might
transfer to the conduction band of ZnO. Also, the photo-
induced holes of ZnO might transfer to the valence band of
WO;. Hence, the SiO,/WO3/ZnO heterostructure might
effectively separate the photogenerated mobile charge car-
riers on the SiO,/WOj3 composite, further improving the
photocatalytic dye degradation efficiency. The effectively
separated electron-hole pairs could migrate to the photo-
catalyst surface to form the active radicals necessary to

@ Springer

degrade the methylene blue molecules. ZnO in the com-
posite structure could also form the hydroxyl radical from
the surface adsorbed water molecules because the redox
potential of the couple OH/*OH, which is 1.99 eV vs. NHE,
was more negative than the valence band edge potential of
ZnO. According to the redox potentials of the couple
0,/-0,~ (—0.33eV vs. NHE), the surface adsorbed O,
molecules could not be reduced by the photogenerated
electrons of ZnO to superoxide anion radicals (-O, ") [43].

Within the scope of the optimization study, the effect of
the number of the dip-coating cycle on the photocatalytic
activity was also studied. According Fig. 11, SiO»/WO;(30/
70) (1-fold coating), SiOn/WO;(30/70) (2-fold coating),
Si0,/WO05(30/70) (3-fold coating) film samples exhibited
the dye degradation efficiency of 84.6, 86.6 and 81.1%,
respectively, after 240 min. Figure 11 also illustrates the
photocatalytic degradation of the model dye on SiO,/WO3/
Zn0O(70/30) (1-fold coating), SiO,/WO3/ZnO(70/30) (2-fold
coating) and SiO,/WO3/ZnO(70/30) (3-fold coating) film
samples, respectively. When the model dye was irradiated
on the 1-fold coated SiO,/WO5/ZnO(70/30), 2-fold coated
Si0,/WO05/ZnO(70/30) and 3-fold coated SiO,/WO5/
Zn0O(70/30) films samples, the degradation of methylene
blue reached the maximum of 91.6, 91.0 and 90.0%,
respectively, after 240 min of the UVA light irradiation. It
was observed that the degradation of the model dye was
weakly dependent on the number of the dip-coating cycle.

3.7 Solar cell efficiency

Glass slides coated with the SiO,/WOj3 or SiO,/WO3/ZnO
film samples were used to measure the effect of the coated
film on the real solar cell. Figure 12 illustrates the variation
of the obtained voltage with the current by an uncoated and
coated solar cells. The fill factor (FF) and the efficiency of
the uncoated (standard) solar cell and coated solar cells
were summarized on Table 4. In general, relatively higher
solar cell efficiency was achieved with the composite films
including high SiO, content. The solar cell efficiency
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Table 4 Efficiency of the

uncoated (standard) and coated Sample Vo V) I (A) Voo L FF A () Po (Wm?) Py (Whn') n (%)
solar cells Standard 030  0.147 0475 0224 0415 0.0008 55.13 1000 5.51
Si0, 0315 0.144 0473 0217 0442 0.0008 56.70 1000 5.67
Zno 0315  0.132 0471 0204 0433 0.0008 51.98 1000 5.20
WO, 0207 0.104 0299 0.152 0474 0.0008 26.91 1000 2.69
Si0,/WO5(80/20) 0289  0.150 0434 0227 0440 0.0008 54.19 1000 5.42
Si0,/WO5(70/30) 0306 0.147 0442 0214 0476 0.0008 56.23 1000 5.62
Si0,/WO5(60/40) 0307 0.140 0461 0211 0442 0.0008 53.73 1000 5.37
Si0,/WO4(50/50) 0292 0.161 0421 0235 0475 0.0008 58.77 1000 5.88
Si0,/WO,(40/60) 0261 0.128 0413 0.195 0415 0.0008 41.76 1000 4.18
Si0,/WO5(30/70) 0266 0.119 0385 0.175 0.469 0.0008 39.57 1000 3.96
Si0,/WO4(20/80) 0264 0.129 0419 0.197 0413 0.0008 42.57 1000 426
Si0,/WO5/ZnO(90/10) 0302  0.145 0454 0218 0442 0.0008 54.74 1000 5.47
Si0,/WO5/ZnO(80/20) 0309  0.142 0.437 0.207 0485 0.0008 54.85 1000 5.48
Si0,/WOy/ZnO(70/30) 0.290 0.142 0.459 0217 0.413 0.0008 51.48 1000 5.15

experiment was performed under a solar light simulator.
Due to its wide optical band gap, the SiO, film could
transmit most of the incident light to the absorber layer of
the solar cell. The WO; film coating, which has a narrower
optical band gap than that of SiO,, could reduce the efficiency
of the solar cell by absorbing more of the incoming light. The
light transmittance spectroscopy supported this idea. The
composite film samples with high SiO, content exhibited high
transmittance in both UV and visible light regions. Compared
to the uncoated solar cell (standard), higher efficiency was
achieved by the solar cell including the SiO,/WO5(70/30) and
Si0,/WO5(50/50) film samples, respectively. The reason for
the improvement in the solar cell efficiency might be the
reflective feature of the specified film coatings. Figure 12 also
illustrates the voltage-current characteristics of the solar cell
coated with the SiO/WO53/ZnO film samples. To prepare the
SiO/WO5/ZnO film samples, the SiO,/WO;(30/70) film
sample was utilized and coupled with ZnO in varying com-
positions. Compared to the SiO,/WO3(30/70) film coating,
the solar cell efficiency slightly increased. The wide optical
band gap and the anti-reflective feature of ZnO might be the
possible reason for the improvement in the solar cell effi-
ciency. When compared with the uncoated solar cell (stan-
dard), approximately the same efficiency value was obtained
with the solar cell coated with the SiO,/WQO3/ZnO(90/10) and
Si0,/WO5/Zn0O(80/20) films, respectively. As the ZnO con-
tent of the Si0,-WO3/ZnO films increased, the solar cell
efficiency slightly decreased. To analyze the individual effect
of the composite phases on the solar cell efficiency, the
voltage-current characteristics of the solar cell coated with
pure SiO,, pure WO; and pure ZnO films were also analyzed
and their results were shown in Fig. 12. When compared with
the standard solar cell, slightly higher and slightly lower
efficiencies were achieved by the solar cell coated with pure
SiO, film and pure ZnO film, respectively. On the other hand,

pure WO; film significantly reduced the efficiency of the
standard cell (from 5.51 to 2.69).

Fill factor (FF) is one of the important parameters to
determine the efficiency of a solar system. To get the
maximum possible efficiency from a solar module, FF
should be maximum and its value should approach one [46].
The fill factor, the ratio of the theoretical power to the
maximum power, can be calculated by using the following
relation (11):

FF = Vmplvp/Voclsc (11)

where Vc is the open circuit voltage, Isc is the short circuit
current, Vyp is the voltage value at the maximum power point
and Iypp is the current at the maximum power point [46]. The
fill factor is known as a measure of the quality of a solar cell.
Among the solar cells coated with the SiO,/WOj3 films, only
the solar cell coated with the SiO,/WO;(20/80) film had a
slightly lower FF value than the standard solar cell. Among the
solar cells coated with the SiO,/WO;/Zn0O films, only the solar
cell coated with the SiO/WO3/ZnO(70/30) film exhibited a
slightly lower FF value compared to the standard solar cell
(Table 4). The calculated FF values showed that the prepared
film samples could be applied to the cover glass of the real
photovoltaic system. In literature, only a few studies
investigated possible effects of the film coating on the solar
cell efficiency. Appasamy and his coworkers (2020) coated
TiO,/carbon nanotube composite films on the cover glass of a
solar cell. Both the coated and uncoated solar cells exhibited
almost the similar voltage reading, indicating that the film
coating did not deteriorate solar cell performance. The
photocatalytic dye degradation efficiency of the composite
film was about 72% after 420 min of UV light irradiation [47].
On the other hand, Soklic and his coworkers (2015) deposited
TiO,/SiO, composite films on the cover glass of a solar cell.
The solar cell efficiency decreased from 12.50 to 12.45% with
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Table 5 Effect of the number of the dip-coating cycle on the efficiency of the solar cell coated with SiO,/W0O3(30/70) and SiO,/WO3/ZnO(70/

30) films

Sample Ve (V) Iyp (A) Vg I FF Am) Py (Wmd) P, (Wmd)  n (%)
Standard 0.30 0.147 0.475 0.224 0.415 0.0008 55.13 1000 5.51
Si0,/W05(30/70) 1-fold 0.266 0.119 0.385 0.175 0.469 0.0008 39.57 1000 3.96
Si0,/W05(30/70) 2-fold 0.246 0.108 0.370 0.167 0.429 0.0008 33.21 1000 3.32
Si0,/W05(30/70) 3-fold 0.198 0.097 0.316 0.148 0411 0.0008 24.01 1000 2.04
Si0,,WO5/Zn0O(70/30) 1-fold 0.290 0.142 0.459 0.217 0.413 0.0008 51.48 1000 5.15
Si0,/WO5/Zn0O(70/30) 2-fold 0.262 0.119 0.393 0.180 0.441 0.0008 38.97 1000 3.90
Si0,/WO5/Zn0O(70/30) 3-fold 0.250 0.124 0.361 0.180 0.477 0.0008 38.75 1000 3.88

the film coating. The photocatalytic dye degradation efficiency
of the film coating was not investigated [10]. Compared to
both studies, there was no similar significant change in the
solar cell efficiency. However, higher photocatalytic dye
degradation efficiency was achieved with the film coatings
prepared within the scope of this study.

Within the scope of the optimization study, the effect of
the number of the dip coating cycle on the solar cell effi-
ciency was also studied (Fig. S11). According to Table 5,
as the number of the dip-coating cycle increased, the
efficiency of the solar cell coated with SiO,/WOj3 and
Si0o/WO3/ZnO films slightly decreased. Maintaining or, if
possible, increasing the efficiency of the solar cell is
important for the applicability of the self-cleaning film
layer on the solar cell. Therefore, increasing the number of
the dip-coating cycle was useless in terms of the efficiency
of the solar cell.

3.8 Water contact angle measurements

One of the most conventional techniques to investigate the
photocatalytic self-cleaning feature of the film samples is the
dye technique [2]. In the dye technique, the model dye is
considered as contamination on the film and the photo-
catalytic degradation of the dye molecules under the UV light
radiation is studied to reveal the self-cleaning feature of the
film coatings [2]. According to the photocatalytic dye
degradation experiments, the prepared film samples could
degrade the model dye adsorbed on itself under the UVA
light irradiation. Hence, methylene blue as the model dye
could be decomposed to water and carbon dioxide. The
photocatalytic degradation rate of the methylene blue could
be measured by analyzing the rate of water formation through
the contact angle measurement [2]. The formation of water
molecules on the film surface could change the surface
energy, leading to a reduction in the water contact angle. The
photocatalytic activity of the film samples was also studied
using the dye technique. The water contact angle measure-
ment was performed on the film samples adsorbed by the
methylene blue and exposed the UVA light irradiation.
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Figure 13 illustrate the change of the water contact angle with
the irradiation time, and Figs. S12 and S13 illustrate the
images of the water droplets on the film samples. According
to Fig. 13, the water contact angle exhibited a decrease with
the irradiation time. The water contact angle of the
Si0,/W05(30/70) film and the SiO,/WO5/ZnO(70/30) film
decreased from 45.1°, 64.1° to 29.2°, 45.4°, respectively,
after 240 min of the UVA light irradiation. The water contact
angle measurement revealed that the composite film samples
were able to degrade the model dye adsorbed on itself with
time and the film samples exhibited photocatalytic activity.
Both the photocatalytic dye degradation and the water contact
angle measurements verified the high photocatalytic activity
of the SiO/WO3(30/70) and SiO,/WOs5/ZnO(70/30) films.
The hierarchical surface structure can increase the hydro-
phobicity of the surface. When a water droplet comes into
contact with the film surface, because of the presence of a
surface roughness on the film surface, a three-phase interface
can be formed. The raised microstructure on the film surface
directly contacts the water droplet, while a portion of the
concave areas on the film surface, including an air cushion,
prevents the water droplet from directly wetting the film
surface, resulting in an increase in the water contact angle
value [48]. Comparing both film samples (Si0,/WO5(30/70)
and Si0Oy/WO3/ZnO(70/30)), the SiO,/WO;/ZnO(70/30) film
exhibited higher water contact angle value. The reason for the
increase in the water contact angle value might be due to an
increase in the surface roughness with ZnO. A similar result
was obtained by Khorshidi and his coworkers (2021). By
introducing ZnO nanoparticles to an acrylic coating, there
was an increase in the water contact angle from 88.3° to
90.2°. It was determined that the increase in the water contact
angle was due to the increase in the surface roughness [2].

4 Conclusion

The objective of this study was to coat the top layer of the
solar cell with composite (Si0,/WO;3 and SiO,/WO3/Zn0O)
films, which had the ability of self-cleaning under the UVA
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Fig. 13 Variation in water contact angle with the irradiation time on
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light irradiation. The film coatings provided the self-
cleaning process through the photocatalytic activity and
the photoinduced hydrophilicity. Within this scope, WO;
was compounded with a highly transparent semiconductor
Si0,, minimizing the the transmission loss on the solar cell.
ZnO was also added into the film structure to provide an
enhanced photocatalytic activity. The SiO,/WO5/ZnO film
coatings exhibited high visible light transmittance and
photocatalytic activity under the UVA light irradiation. The
self-cleaning performance of the prepared film coatings was

Si0,/WO05(30/70), (§) SiOx/WO05(20/80), (k) SiO,/WO5/Zn0O(90/10),
@) SiOx/WO05/Zn0O(80/20), (m) SiO,/WO5/ZnO(70/30) films and
including (n) uncoated glass slide

also so high that the SiO/WO3/ZnO film could degrade
more than 90% of the model contaminant on itself within
240 min of the UVA light irradiation. The hydrophilicty
of the Si0,/WO3 and SiO,/WO05/ZnO film coated with the
model contaminant increased with the irradiation, exhi-
biting the photocatalytic degaradtion efficiency of the
prepared films. The current-voltage measurement of the
solar cell coated with the Si0,/WO3/ZnO film did not
exhibit any significant loss in efficiency. The results of
the study revealed that the SiO,/WO3/ZnO film can be
applied as a commercial product on the PV panel surfaces
against the accumulation of any kinds of organic pollu-
tion, resulting in the reduction of the PV efficiency. Under
the sun light, any kinds of organic contaminants deposited
on the solar cell can be decomposed to small molecules
like H,O and CO,. There is no need for rain to remove
organic contaminants from the cover glass of the solar
cell. On the other hand, the film coatings exhibited pho-
toinduced hydrophilicity under the sun light. Thus, inor-
ganic contaminants can also be easily removed from the
cover glass of the solar cell in rainy weather. Although
regular rain is required to remove inorganic contaminants,
regular rain is not required to remove organic con-
taminants. As a conclusion, the film coatings, prepared
within the scope this study, are more suitable to remove
organic contaminants from the cover glass of the solar cell
regardless of the rain event.
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