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Abstract. Efficiency of solar panels degrades as a result of organic contamination such as airborne particles,
bird droppings and leaves. Any foreign object on photovoltaic panels reduces the sunlight entering the
absorbing surface of the solar panels. Since this leads to a major problem decreasing in energy production,
solar panels should be cleaned. The self-cleaning method can be preferred. There are some methods to clean
the surface of solar panels. Among the self-cleaning materials, TiO3 is the most preferable ones because of
its powerful photocatalytic properties. In this study, photocatalytic TiO2 were produced in two different
nanostructures: nanofibers and thin films. TiO2 nanofibers were successfully produced by electrospinning.
TiO2 thin films were fabricated by reactive magnetron sputtering technique. Both TiO2 nanofiber and thin
film structures were heat-treated to form TiO2 in anatase phase at 600 °C for 2 h in air. Then, they were
evaluated by SEM analyses for morphology, X-ray diffraction (XRD) analyses for phase structures, X-ray
photoelectron spectroscopy (XPS) for the chemical state and atomic concentration, and UV-spectrometer
for photocatalytic performance. The results indicate that photocatalytic and transmittance properties of
TiO2 thin films are better than those of nanofibers. Consequently, TiO2 based thin films exhibit better

performance for solar cell applications due to the surface cleanliness.

1 Introduction

The amount of electric generation from solar panels is
influenced by the solar radiation intensity, tilt angle of
the panel surface, and surface cleanliness of cover glass [1].
Among them, the dirty surface might be due to dust
accumulation [2], organic contamination (bird and other
animal droppings, airborne particles, windblown dirt,
water stains), organic plant matter from leaves and pollen
and urban pollution (soot from burning coal or diesel)
which could be prevented by various methods [3]. The
contaminations reduce the amount of sunlight entering
to the absorbing surface of the photovoltaic (PV) cells.
Furthermore, they may be quite abrasive, scratch the sur-
face of the solar panels and cause potential corrosion lead-
ing to permanent damage when they are not removed.
As a result, the local overheating (hot spots) occurs
inside the solar panels which significantly degrade the
performance and lifetime [1]. Therefore, to keep the
energy generation level of solar panels, the surface clean-
ness of the cover glass is vital [2-4]. For the same purpose,
Liu et al. calculated the current loss of solar cells using
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transmission degradation determined with experimental
data due to organic contamination [4].

There are some methods such as natural, mechanical,
electrostatic and self-cleaning thin film to get rid of clean-
ing problems [5]. Natural methods are wind power, grav-
itation and rainwater, but not much effective, since their
control is not possible. Mechanical methods such as wiping
by brush lead to a damage on the surface. In electrosta-
tic methods, the repulsive forces between the like charged
particles are effective but this method does not work when
the weather is rainy. For this reason, they cannot be effec-
tively used in PV systems. As a result, self-cleaning
method is the most efficient way to keep the surface clean.

TiO; is known to have three natural polymorphs, i.e.,
rutile, anatase and brookite [6,7]. Among them, anatase
TiO5 is commonly used for self-cleaning purposes because
of its hydrophilicity and photocatalytic activity [6]. The
self-cleaning method consists of two stages: photocatalytic
and hydrophilic [5]. TiO; film reacts and decomposes the
organic dirt under the ultraviolet light in photocatalytic
process. Then, the rainwater will diffuse to the whole
surface and rinse the dust because of its hydrophilic prop-
erties. Most researchers focus on improving the photocat-
alytic properties by doping with various metal ions [8-13]
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and with different structures [14-16]. Extensive studies
have been done on doping effect on the photocatalytic
properties; however, little attention has been paid on the
TiOs structural influence on the photocatalytic perfor-
mance. In addition to the significance of TiOs in photocat-
alytic application, its high optical transmittance and high
refractive index make it applicable in many areas such as
coatings, optical filters, integrated optical chemical
sensors, and optical waveguides [17].

In this study, the influence of nanofiber and thin film
structure on the photocatalytic activity of TiO, was
reported. TiO9 nanofibers were produced with electrospin-
ning technique while TiO4 thin films were fabricated using
magnetron sputtering technique. Photocatalytic perfor-
mance was evaluated with degradation of methylene blue
(MB), under illumination of visible light. Structural
analysis was performed by X-ray diffraction (XRD) and
surface morphology was investigated by scanning electron
microscopy (SEM). Photocatalytic and transmittance
properties were studied by spectrophotometer. The chem-
ical state and atomic concentration were determined by
X-ray photoelectron spectroscopy (XPS).

2 Experimental
2.1 Nanofiber production

In the electrospinning process, firstly a viscous sol was pre-
pared [18]. The preparation of TiOs precursor solution was
carried out under atmospheric conditions at room temper-
ature. Titanium isopropoxide was mixed with acetic acid
and ethanol, and then the solution was stirred at 25 °C
for 10 min in air. After the preparation of transparent
solution, the polyvinylpyrrolidone (PVP) dissolved in
ethanol was added to as-prepared solution and the mixture
was constantly stirred at 25 °C for 2 h. In order to pro-
duce the nanofibers, Ti-based solution was immediately
loaded into a plastic syringe. The emitting electrode from
a power supply was attached to the needle. The grounding
electrode was attached to a piece of aluminum foil used
as the collector plate and was placed approximately 8 cm
below the tip of the needle. A 15 kV high voltage was
applied between the needle and the collector. While jet
was accelerated from the tip of the needle towards the
collector, the solvent was evaporated by leaving only
ultrathin fibers on soda-lime glasses (SLG) located on alu-
minum foil. The fabricated nanofibers were left to allow
the completion of hydrolysis of titanium isopropoxide for
approximately 2 h, and consequently, subjected to calci-
nation at a high temperature of 600 °C to remove residual
PVP and obtain the anatase phase.

2.2 Thin film preparation

TiOg thin films were deposited under high vacuum on
SLG substrates by DC magnetron sputtering technique.
The sputtering was done using a Ti target at room tem-
perature. Before deposition, the substrates were cleaned
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Fig. 1. Schematic representation of photocatalytic experiment
setup.

in ultrasonic cleaner using acetone, ethyl alcohol and
de-ionized water, respectively, for 5 min. Then, they were
exposed to plasma cleaner for 10 min. When the vacuum
chamber was evacuated below 1075 Torr, 5 min presput-
tering of Ti target and 30 min deposition was carried
out under 36 sccm Ar and 4 sccm Og atmosphere. The
working gas pressure, the distance between the target and
substrate, and the sputtering power were 3 mTorr, 13 cm,
and 150 W, respectively. The film thicknesses were
measured about 53 nm by profilometer. TiOy films were
annealed at 600 °C for 2 h in air ambient to enhance the
crystallization.

2.3 Photocatalytic activity measurements

Photocatalytic degradation experiments of the specimens
were carried out using a setup (Fig. 1) including aque-
ous methylene blue (MB) solutions for all catalysts and a
UV light source (Philips, TUV, 16 W) [14-16]. MB is a
common heterocyclic aromatic dye and is generally used
as a model for organic compound to determine photocat-
alytic activity [8]. Firstly, MB precursor powder (Merck)
was solved with deionized water to obtain 1 x 1072 M
MB solution. In order to record catalyst-free degradation
of MB under UV radiation, a reference solution was also
prepared. The MB solutions were poured into the beakers
and were placed under UV-light source with a distance
of approximately 20 cm. Nanofiber and thin film TiO,
were immersed in 30 mL MB solution and 30 mL. MB ref-
erence solution were left for 6 h under UV illumination.
Their absorbance properties were investigated by using
UV-spectrophotometer.

2.4 Material characterization

X-ray diffraction (XRD; Phillips X'Pert Pro X-ray dif-
fractometer) was used to determine the structure of the
TiO; fibers and films. The field emission scanning elec-
tron microscope (SEM; FEI-QuantaFEG 250) was used to
observe the surface morphologies. The chemical state and
atomic concentration were determined by X-ray photo-
electron spectroscopy (XPS; SPECS Phoibos 150 3D-
DLD). Photocatalytic and transmittance properties were
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Fig. 2. SEM images of TiO2 as grown nanofibers (a), nanofibers annealed at 600 °C (b). The inset of (a) corresponds to as
grown thin film while the inset of (b) corresponds to annealed thin films at 600 °C.

investigated using UV-vis spectrometer (Perkin Elmer,
Lambda 950).

3 Results and discussion

Figure 2 shows the plane-view SEM images of nanofibers
and thin film grown on SLG before and after annealing
process at 600 °C for 2 h. The diameters of nanofibers were
quantitatively evaluated using their high magnification
SEM images. Each individual nanofiber was uniform in
cross section and the average diameter was 260 nm before
and 180 nm after annealing (Figs. 2a and 2b). After
annealing, due to the removal of organic substances in the
as-spun nanofibers, the diameter of nanofibers decreased.
Inset of Figures 2a and 2b show SEM images of thin film
surfaces before and after heat treatment at 600 °C for 2 h.
TiO5 thin films, in general speaking, showed quite smooth
surfaces with no cracks when compared to fiber structures
on glass. Grain structure can be easily seen from these
SEM images because of increased crystallization after
annealing.

The photocatalytic activity of TiOs depends on the
preparation technique, crystalline structure, annealing
temperature, specific surface area and so on [19]. For the
photocatalytic properties, the most important step of the
research is to obtain TiOs with anatase phase [20].
According to XRD patterns as shown in Figure 3, it was
found that the obtained TiO9 nanofibers contain anatase
and rutile phases even when the annealing temperature
was 600 °C for 2 h in air ambient. Volume fractions of
fibers were calculated by integrating the area under each
peak from the XRD spectra. The volume fractions of
anatase and rutile in the fibers were calculated as 0.60
and 0.40, respectively. Especially, anatase phase of pure
TiO2 having tetragonal structure was strongly observed
at 600 °C as explained in literature [21-24]. It has been
well known that anatase phase of TiOs is thermally less
stable than rutile phase and transfers into rutile phase at
higher temperature. It can be seen that the peaks at 20
of 25.28, 38.08, 44.52, 47.92, 53.32 and 62.66 are assigned
to (101), (004), (112), (200), (106) and (215) lattice
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Fig. 3. The X-ray diffraction patterns of TiO2 nanofiber
annealed at 600° for 2 h.

planes of TiO2. We have similar results with those of Jiang
et al. [24] and Wang et al. [25] regarding as TiOy peaks.
Since the thickness of thin film is too low for X-ray diffrac-
tion, XRD pattern was not obtained. On the other hand,
it is clearly understood from XPS analysis that the film
has anatase phase (Fig. 4).

Figure 4 shows XPS of Ti 2p for annealed nanofibers
and thin film. It is seen that the core levels of Ti 2p; /5 and
Ti 2p3/5 are located at approximately 462.8 and 457.1 eV
for anatase phase and 463.0 and 457.8 eV for rutile phase
for TiO2 nanofiber (Fig. 4a). The core levels of Ti 2p; /5
and Ti 2p3/5 are located at 463.8 and 458.1 eV (Fig. 4b),
respectively, for TiO5 thin film. The spin orbit splitting
between the Ti 2p;/5 and 2p3,5 core levels are 5.7 eV,
indicating a normal state of Ti** in the anatase TiO,.
The core levels of Ti 2p; /o and Ti 2p3/, are similar to the
literature data [26,27].

Figure 5 indicates the deconvolution of O 1s peaks
for core levels of annealed TiO5 nanofibers and thin film.
Oxygen is a common contaminant in titanium surfaces
because of its high oxygen affinity [25]. The O 1s spectrum
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Fig. 4. X-ray photoelectron Ti 2p spectra of (a) TiO2 nanofiber (b) TiO2 thin film.
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Fig. 5. X-ray photoelectron O 1s spectra of annealed (a) TiO2 nanofiber (b) TiO2 thin film.

consists of two peaks for nanofibers: the one at 528.3 eV
of TiO5 and the other at 530.8 eV for adsorbed water or
fraction of TioO3 (Fig. 5a). Similarly, O 1s spectrum for
thin film consists of two peaks located at 529.5 eV and
531.3 eV, respectively indicating to, TiOs and adsorbed
water or Ti;O3 (Fig. 5b). As seen in Figure 5, the inten-
sity coming from the adsorbed water or TisOg is higher
for fiber when compared to thin film. Since the fiber was
produced from the chemical solutions, the amount of
oxygen is higher, on the other hand, thin films were grown
in high vacuum conditions. Therefore, when we compare
the XPS spectrum of both films, fiber has a higher oxygen
bonds with surroundings and OH peaks. Moreover, since
the fiber structure on glass has larger surface area, it prob-
ably absorbs more water. Therefore, this results higher OH
peaks in XPS spectrum in fiber structures when compared
to thin film TiOs.

Figure 6 illustrates the UV visible spectra of annealed
TiOs thin films and nanofibers in the wavelength range
from 200 to 2600 nm. The transmissivity curve of thin
film TiOs is compatible with the literature [28]. However,
it can be seen that the structure of material affects the
distribution of transmissivity curves. The transmissivity
in the wavelength range from 480 to 660 nm of thin film’s
coating is higher than that of the nanofibers’ coating.
This range of wavelength corresponds to visible light of
electromagnetic spectrum which is very important region
for solar cell applications. Moreover, the efficiency of crys-
talline silicon solar cells drops with increasing tempera-
ture, the lower infrared transmission of TiOs thin film
prevents the solar cell from heating. As it is seen from
the inset of Figures 2a and 2b, thin films have smooth,
dense and uniform surfaces when compared to fiber struc-
tures on glass, as a result less light scattering occurs on
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Fig. 6. Transmission spectra of annealed TiO2 thin film and
nanofibers.

the surface leading to a high transmittance level in visible
range. Furthermore, deposited thin films of TiOy are very
thin when compared to fibers which increase transmissiv-
ity. From the graphs; it can be easily understood that the
transmittance of all samples is higher than 75%, which
can fulfill the transmitting requirement of cover layer in
solar cell applications [29]. Transmissivity at longer wave-
length region of nanofiber is higher than that of the thin
film but, according to the antireflection theory, the low
transmissivity may be adjusted by altering the thickness
of the layers for other applications [6].

The photoactivity of annealed thin film catalyst was
determined by photo-oxidation of MB. Figure 7 shows
the absorption of initial MB solution (1075 M), UV illu-
minated MB solution, UV illuminated MB solution with
annealed TiO4 nanofibers coating and UV illuminated MB
solution with annealed TiOs thin film, respectively.
Generally, all solutions including MB show characteris-
tic absorption band at 665 nm [23]. Besides, the aqueous
solution of MB molecules exhibited another peak
at 611 nm. These peaks correspond to monomers and
dimers, respectively [30]. Because of the fact that the
degradation rate of monomers is much higher than that
of dimers, the peak at 665 nm higher than the peak at
611 nm [31]. It is inferred that the concentration decreases
because of the photocatalytic degradation of the TiO,
coatings. It can be understood that TiOg thin film
exhibits very active behavior for photocatalytic decom-
position because absorption of the solution is much lower
when compared to the others. It is known that photo-
catalytic activity of the anatase form is known to exhibit
excellent photocatalytic activity when compared with the
rutile form of TiO5. Crystallinity of the thin film cannot be
obtained from XRD results, but XPS data show the spin
orbit splitting between the Ti 2p;/,, and Ti 2p3/, core
levels indicating a normal state of Ti** in the anatase
TiO5. In addition, the uniformity of the surface affects
the photocatalytic activity. SLG covered with thin
film produced by magnetron sputtering technique is

1.0
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= = -Annealled TiO, thin film
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Fig. 7. Photocatalytic degradation of (a) initial MB solution
(107° M), (b) UV illuminated MB solution, (c) UV illumi-
nated MB solution with annealed TiO2 nanofibers coating and

(d) UV illuminated MB solution with annealed TiO2 thin
film.

obtained more homogenously compared to nanofibers by
electrospinning method. Besides, the TiOs nanofibers
have bigger surface areas than TiOs thin film, they can,
theoretically, be assumed to have higher photocatalytic
property. However, fibers can conglomerate during the
fabrication process on SLG. Therefore, the absorption of
the layer is not improved [15].

4 Conclusion

In summary, we compared the properties of TiOs nano-
fibers and thin film formation. Titanium dioxide thin films
with 53 nm thick via magnetron sputtering and nanofibers
with 180 nm diameter by electrospinning methods were
successfully fabricated. We showed that thin film’s trans-
missivity, a very important property for solar cell appli-
cations in the visible light region, is higher than that of
the nanofiber coatings. As it is well known that, TiOs in
anatase phase is vital for photocatalytic applications.
In our work, the presence of the anatase phase was
confirmed with XRD and XPS analyses for annealed
nanofibers and thin film samples. Their photocatalytic
properties were analyzed by the degradation of 1x 107> M
methylene blue organic dye. Having enhanced crystalliza-
tion after annealing at 600 °C, TiO5 thin films have higher
photocatalytic activity when compared to the nanofibers.
Here, we have proved that magnetron sputtered grown
thin films, opposite to the literature work [14], have higher
photocatalytic efficiency. As a result, magnetron sputtered
grown thin films are very convenient for solar cell
applications.

The authors would like to thank the Applied Quantum
Research Center of IZTECH (AQuReC) for the research
facilities it offers for the current study.
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