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The objective of this study has been twofold: i) to investigate different strategies for CPV module glass surface
modification, in particular preparing hydrophilic and hydrophobic coatings in order to reduce the dust accu-
mulation (soiling) on the module surface; ii) to perform a joint comparative soiling testing in Italy, Spain and
Brazil in order to understand the limit and advantages of the proposed anti-soiling coatings in different climate
condition. Two TiO,/SiO, films with different titanium content have been synthesized and benchmarked against
pure TiO, in relation to transparency and hydrophilicity. Moreover, a hydrophobic antireflective material based
on functionalized-SiO, thin film was also investigated. All these coatings have been deposited over low iron float
glass substrates by sol-gel dip-coating and electron-beam evaporation technique. TiO,/SiO, and functionalized-
SiO, films showed higher transmittance in visible range than pure TiO,. TiO,/SiO, films showed a persistent
superhydrophilic character with water contact angles near to 0°, while functionalized-SiO, presented hydro-
phobic property. The joint comparative soiling tests showed the importance of setting anti-soiling strategies in
region characterized by more dry climate: in Brazil, which during the soiling test was characterized by a long dry
period, the anti-soiling coatings were effective in reducing the soiling deposition and in the removal of the
contaminants by rainwater; in Spain and Italy, the more frequent rain precipitation made the soiling effect less
relevant, however, the deposition of anti-soiling coating on the module cover glass allowed to fully recover the
initial transmittance after rain washing. A chemical and mineral characterization of the soiling has been carried
out revealing the dependence of the contaminants from the environment conditions (e.g. car traffic, presence of
industries, amount of rain and local minerals in the ground).

1. Introduction

The development of technologies for renewable energy is essential
in the current world scenario that presents environmental problems and
a shortage of fossil resources. The photovoltaic (PV) technologies stand
out because they are renewable, safe and eco-friendly sources of elec-
trical power [1]. Nowadays in order to increase the PV energy pro-
duction the technological efforts are not only driven towards the de-
velopment of high PV performance and reliable solar cells but also
towards the means to mitigate the external factors that can reduce the

conversion efficiency of the PV modules. One of these factors is the
soiling effect caused by dust accumulation on module surface that re-
duces the transparency of the PV cover glass over time and conse-
quently decreases the module PV energy production [2]. Dust usually
deposits on the surface of the module cover glass as a thin layer of
particles with less than 10 um in diameter and its accumulation has a
great dependence with the location/environment condition [2]. Soiling
deposition on PV modules has been widely studied in literature [2-7],
however, most contributions analyze the effect of dust accumulation in
reducing the efficiency of PV modules or the transmission of glass

Abbreviations: CPV, concentrator photovoltaic; PV, photovoltaic; LIFG, low iron float glass; TIPT, titanium isopropoxide; TEOS, tetraethyl orthosilicate; SDA, structure-directing agent;
UV-Vis-NIR, ultraviolet-visible-near-infrared; BEMA, Bruggeman effective medium approximation; WCA, water contact angle; RMS, root mean square; AFM, atomic force microscopy;

SEM, scanning electron microscope; EDS, energy disperse spectroscopy
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modules, while only fewer ones have evaluated different alternatives of
anti-soiling coatings by testing them in different environmental outdoor
conditions [8-11]. The possibility to prevent the soiling deposition is
accomplished by the modification of the module glass with a self-
cleaning and/or “easy to clean” surface [9]. Self-cleaning effect can be
obtained by the deposition of TiO, thin films on cover glass. This ma-
terial offers both photocatalysis, which is responsible of the decom-
position of organic contaminants, and photo-induced super-
hydrophilicity, that makes easier the washing of the contaminants from
the surface by rainwater [12]. However, TiO, reduces the glass trans-
mittance and it rapidly loses the hydrophilicity, re-establishing the
water contact angle in dark environments. TiO5/SiO, composite films
can overcome all these limitations [13]. TiO2/SiO, films present high
transmittance, enhanced photocatalytic activity and persistent super-
hydrophilicity in dark environments [1,13-17]. These coatings can be
promising also for concentrating photovoltaic (CPV) applications whose
modules make use of multijunction solar cells, and therefore need
transparent anti-soiling coating in a wide wavelength region (typically
between 300 and 1800 nm). “Easy to clean” surfaces can be obtained,
for example, by hydrophobic functionalized silica, since this film has
the property to produce moving spherical water drops which can collect
the dust particles and eventually flow off the surface [9,18-20]. In this
work, anti-soiling coatings based on TiO,, TiO»/SiO,, and fuctionalized-
SiO, films have been deposited on glass, characterized regarding their
optical and structural properties and then compared in their perfor-
mance in preventing the soiling deposition. The morphology and
composition of the deposited dust has been analyzed and soiling de-
pendence on weather conditions (humidity, rain precipitation) as-
sessed. The soiling test has been performed in different locations, in
particular in Italy, Spain and Brazil in order to understand the limits
and advantages of the proposed self-cleaning surfaces under the dif-
ferent climate conditions.

2. Experimental details
2.1. Coatings preparation

The anti-soiling coatings used in this work were obtained by sol-gel
and electron beam evaporation (e-beam) methods and were deposited
at low iron float glass (LIFG, Pilkington Optiwhite Low Iron) substrates.

2.1.1. Superhydrophilic sol-gel TiO5/SiO-

These composite films were obtained by previous established pro-
cedure [13]. LIFG substrates 4 mm thick were ultrasonically cleaned
with ethanol (EtOH) and air dried. TiO, precursor solution was pre-
pared using titanium isopropoxide (TIPT), isopropanol (IspOH) (99%
w/w) and water (HyO) with TIPT:IspOH:H,O molar ratio equal to
1:97:0.5. Similarly, SiO, precursor solution was prepared using tetra-
ethyl orthosilicate (TEOS) with TEOS:IspOH:H,0 molar ratio equal to
1:47:2. TiO5/SiO, composite films were prepared with different Si/Ti
molar rate mixed solutions. The abbreviations SiggTi;4 and SisoTieo
mean the Si/Ti molar rate used to prepare the TiO,/SiO, composite
films by the mixture of SiO, and TiO, precursor solutions. One side of
the glass was recovered with the film using the dip-coating equipment
Marconi (MA 765) at room conditions (20 °C, relative air humidity
lower than 30%) with a withdraw speed of 3.6 mm/s. Then, films were
treated in muffle furnace at 500 °C for 2 h under air SiggTi;4 composite
film is referred in this study as ST1 sample while the Si4Tig film as ST2
sample.

2.1.2. Superhydrophilic e-beam TiO,

As a benchmark, TiO, film sample was deposited onto one side of
the glass by e-beam evaporator Kenosistec® UHV Thin Film Equipament
- using solid Kurt J. Lesker® TiO, - USA, 99.99% purity and particle size
of 1-4 mm. This TiO, film was referred as T sample.

518

Solar Energy Materials and Solar Cells 185 (2018) 517-523

2.1.3. Hydrophobic sol-gel SiO,

These films consisted of multilayer stacks of graded refractive index
SiO, sol-gel films deposited by dip-coating technique and functiona-
lized by an ‘easy to clean’ post-treatment based on silylating agents to
provide the hydrophobicity. The substrates were ultrasonically cleaned
with ethanol (EtOH) and air dried. Tetraethyl orthosilicate (TEOS), poly
(oxyethylene) cetyl ether, and ethanol (EtOH) (99%w/w) were used as
precursor, structure-directing agent (SDA) and solvent for sol-gel so-
lution. Two different sols containing or not SDA were prepared in order
to obtain multi-layer stack composed by films with different refractive
indexes. The multi-layer stack is composed by an inner denser (D) film
of higher refractive index and an external porous (P) film of lower re-
fractive index. Film deposition was performed onto one side of the glass
substrate using homemade dip-coating equipment at controlled condi-
tions (22°C, relative air humidity 60%). LIFG substrates were first
immersed and emerged in the non-containing SDA sol-gel with a speed
of 0.83 mm/s and then films were treated in muffle furnace at 550 °C for
1 h under air. Subsequently these coated substrates were immersed and
emerged in the containing SDA sol-gel with a speed of 0.83 mm/s and
were treated in muffle furnace at 550 °C for 1h under air. A post-
treatment with hexamethyldisilazane (H) solution was then performed.
This silylating treatment allows reducing the number of free silanol
groups (Si-OH) in the surface and substituting them by methyl groups
attached to Si thus permitting to obtain hydrophobic surface, the ob-
tained sample was referred in this study as SM sample (Patent
EP17382016) [21].

All samples prepared in this work are summarized in Table 1.

2.2. Characterization of the coatings

Transmittance (%T) spectra were measured with a UV-Vis-NIR
spectrophotometer Jasco V-670 (with integrating sphere) in
300-2000 nm wavelength. Integrated transmittance was calculated by
weighting transmittance values with mean hemispherical solar spectral
irradiance incident on surface tilted 37° toward the sun (ASTM G173-
03) according to equation:

ff TSy dA
fAfZ Sydi

®

Where T, is the transmittance spectrum of the covered glass, S, is the
hemispherical solar spectral irradiance for absolute air mass of 1.5
(ASTM G173-03) and 4, and 4, define the wavelength range in which
is calculated.

Ellipsometric parameters y and A of the SM film were recorded by
Variable Angle spectroscopic ellipsometer. Spectra were recorded at
wavelength comprised from 300 nm to 1000 nm at three angles of in-
cidence (65°, 70°, 75°). The data analysis was performed with WVase32
software. The spectra were fitted using the dispersion Cauchy model for
obtaining spectral refractive index n and film thickness. The Bruggeman
effective medium approximation (BEMA) model was adopted for void
fraction calculation. The void fraction of each film was calculated
considering polarization factor of 0.33 with respect to pure dense silica,
thus value of absolute porosity in % was provided.

A VARIAN CARY 50 spectrophotometer was used in the soiling test
and the transmittance was measured in the range of 200-1100 nm. An

Table 1

List of samples prepared with their composition and classification.
Sample references Composition Classification
ST1 SigeTi1a Hydrophilic
ST2 SisoTieo Hydrophilic
T TiO, Hydrophilic
SM Functionalized-SiO, bi-layer Hydrophobic
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average transmittance in 300-1100 nm wavelength was used to analyze
transmittance variations of the coatings during the soiling test. Water
contact angle (WCA) measurements were assessed by KRUSS DS100
goniometer (connected to a video camera) to evaluate the surface hy-
drophilicity/hydrophobicity. These measurements were made at 25 °C
and relative air humidity lower than 50%. Deionized water droplets
volume was fixed at 2 uL and was used 2 drops per sample and 3 re-
plicates. Raman spectra were obtained on a Horiba Jobin Yvon
LABRAM-HR 800 spectrograph, equipped with a 633 nm helium-neon
laser, frequency range of 100-800 cm ', 20 mW of power, attached to
an Olympus BHX microscope equipped with 10, 50, and 100 X lenses.
For dust characterization, the laser power was 0.08 mW and frequency
range of 100-2000 cm ~*. The acquisition time was 60 s, with a number
of samples equal to 10. T, ST1 and ST2 thicknesses were measured by
an atomic force microscope (AFM) Asylum Research - MFP-3D in tap-
ping mode. Root mean square (RMS) roughness values were obtained
by spectral analysis on 1 um? areas.

2.3. Soiling test method

Glasses samples containing different anti-soiling coatings (hydro-
phobic or superhydrophilic) have been installed outdoor beside the CPV
modules, as seen in Fig. 1 in three different locations: San Sebastian
city-Spain, Belo Horizonte city-Brazil, and at Piacenza city-Italy. Soiling
test has been carried out in a period of between 4 and 5 months. Every
two 2 weeks the glass samples have been analyzed by transmittance
measurement in order to check the dust accumulation.

3. Results and discussion
3.1. Anti-soiling coating characterization

Fig. 2 shows the transmittance spectra of the different anti-soiling
coatings in wavelength range 300-2200 nm before soiling exposition.
Table 2 shows the integrated and gained transmittances of the anti-
soiling coatings, in the mentioned wavelength range, with respect to an
uncoated glass (bare glass substrate).

SM sample has been designed also to present anti-reflective prop-
erty, since it is an import requirement for their application as solar cell
cover glass [8,15,20]. SM showed a gain in visible-near-infrared range
of about 3%, over bare substrate. The control of thickness and refractive
index of SiO, layers leads to this increase of transmittance, as will be
further discussed in ellipsometric results. ST1 and ST2 samples haven’t
showed anti-reflective properties, however have presented good %T
(~88-89%) in visible-near-infrared range, which is comparable to the
transmittance of the bare substrate. These coatings can confer anti-
soiling effect to the glass surface without compromising the transmit-
tance, which is fundamental for photovoltaic application. The bench-
mark sample T presented the lowest transmittance (~72%) due to the
sub-bandgap absorption at 500-1600 nm. This sub-bandgap absorption
of the sample T, is due to its higher thickness (100 nm) than the ones
prepared by sol —gel (63nm (ST2) and 85nm (ST1)). Besides this,
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Fig. 2. % Transmittance spectra of anti-soiling coatings before soiling exposi-
tion.

Table 2
Integrated and gained transmittance of anti-soiling coated glasses and bare
glass substrate in the range 300-2200 nm.

Sample T ST1 ST2 SM  Bare low
iron float
glass

%T (300-2200 nm) 72.1 89.2 88.1 92.3 89.7

Gain over the bare glass substrat —-19.7 -0.6 -1.8 28 -

% (300-2200 nm)

Sample T has the highest refractive index (pure TiO2) among the
samples, therefore the highest reflection.

It is possible to notice that ST1 and ST2 are based on TiO5/SiO,
films and showed an important transmittance improvement compared
to T, owing to hybrid nature of the film.

As superhydrophilicity and hydrophobicity are fundamental to give
a self-cleaning property to the glass [9,12,18-20], water contact angles
(WCA) measurements of all coatings were performed before and after
UV irradiation for 30 min, as seen in Table 3. SM sample has presented
hydrophobic property (angle > 90°), as expected as it has been func-
tionalized with hydrophobic compound. WCA of SM was not measured
after UV irradiation, because this coating has not photocatalytic prop-
erty. After 30 min of UV irradiation, T, ST1 and ST2 have presented
superhydrophilic property (angle < 5°), except uncoated glass, showing
how this glass modification is efficient to give superhydrophilic prop-
erty to this material. This behavior can be explained by the photo-
catalytic property due to anatase phase. WCA measurements were
performed with 3 months of aging and the results of the super-
hydrophilic state of ST1 and ST2 were similar [13]. The mixture of SiO,
on TiO, results in a generation of Bronsted acidity that increases the
number of hydroxyl groups, giving to the surface a superhydrophilic
property. These groups trap the photogenerated holes and retard the
electron-hole recombination [22]. The charge of electrons and holes
can favor a molecular or dissociative adsorption of water on the surface
of TiO,/Si0, that results in a natural and persistent superhydrophilicity
even at dark environments [23]. T did not preserve WCA < 5° after 2

Fig. 1. Soiling test facility: solar tracker (left) and the sample holder (right).
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Table 3
Water contact angles (WCA) before and after ultraviolet irradiation for 30 min.

Solar Energy Materials and Solar Cells 185 (2018) 517-523

Sample T ST1 ST2 SM Uncoated glass
Before UV () (62.0 * 0.2) (1.0 = 0.1) (1.0 + 0.1) (95.4 * 1.6) (30.0 + 0.2)
After UV () (4.0 £ 0.2) 0.1 = 0.1) (0.1 = 0.1) - (30.0 £ 0,2)
— . L . ' interaction principles in thin film, so that is it possible to produce de-
—ST2 structive interference of the light reflected at the upper and the lower
_I:g: :‘:t‘i’lt:zeegeﬁ interfaces in the layer/layer and layer/glass. %T was enhanced by ad-
T i B justing the refractive index and thickness of each layer of the stack. The
35 w thickness of the inner film has been adjusted to ~110nm while the
E wil A A A thickness of external film has been optimized to ~130 nm. Refractive
-‘é A\ A anatase (ref) index of external SM film was 1.26, showing a void fraction ~43%. This
E . film was treated with silylating agents in order to achieve hydrophobic
~— surface, the obtained transmittance value was not significantly affected.
AL 3.2. Soiling test
100 200 300 400 500 600 700 800

Raman Shift (cm™)

Fig. 3. Raman spectra of T, ST1 and ST2 anti-soiling coatings.

weeks (in the darkness), whereas ST1 and ST2 did. At dark environ-
ments, pure TiO, films tends to re-establish the hydrophobicity quickly,
while TiO,/SiO, composite films slows down this reestablishment
[13,14,17,23].

T, ST1 and ST2 samples have been characterized by analyzing their
crystalline phases, while SM has been characterized by analyzing its
thickness, refractive index and porosity.

Raman spectroscopy was used to characterize titanium phases in T,
ST1 and ST2 coatings, as shown in Fig. 3. TiO, anatase Raman modes
are: Eg at 143 ecm /196 cm ™Y, By gat 393 cm b, Ay ¢/B1gat 514 cm !
and E, at 639cm™'. These modes are shifted and consistent with a
500 °C-annealed TiO, [24]. T and ST2 showed anatase modes, but ST1
did not, probably due to high Si/Ti molar rate. The presence of this
phase is fundamental to give self-cleaning properties to the coatings,
because anatase is the most photoactive phase of TiO, [12]. The pho-
toactivity allows generating more electron-hole pairs, contributing to
the enhancement of contaminant degradation mechanism and photo-
induced superhydrophilicity. Both properties are crucial for super-
hydrophilic self-cleaning surface application [9].

The thickness and root mean square (RMS) roughness of ST1 and
ST2 were assessed by AFM measurements. The thickness of ST1 and ST2
was 85nm and 63 nm, and RMS roughness was 0.2 and 0.4 nm, re-
spectively. The increase of %SiO, in TiO,/SiO, composite restricts the
size of TiO, crystallites, contributing to smooth the surface [25]. This
fact could explain why ST1 is smoother than ST2.

As SM has presented anti-reflexive properties, it has been char-
acterized by ellipsometry and the values of thickness, refractive index
and porosity of SM are shown in Table 4. The raw and fitting data of
this analysis is available in Fig. S1.

This kind of anti-soiling coating is based on a multi-layer stack in
order to provide anti-reflection properties to the system through the
interference phenomenon. It has been designed based on light-matter

Table 4
Ellipsometric results of SM coating.
Sample Thickness Refractive Thickness Refractive Porosity
of inner of index of external index of of
film (nm) inner film film (nm) external external
film film (%)
SM 112.1 1.44 132.4 1.26 42.9
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All the anti-soiling coatings and the uncoated glass were exposed at
Belo Horizonte city (Brazil) in a very dry period (August) and ended in a
rainy period (December), covering completely different weather con-
ditions, as seen in Fig. 4a. Moreover, Fig. 4a shows the transmittance
loss (%) vs time (days) measured at Belo Horizonte, revealing five
different regions.

In region 1 (days 0-21), all samples have lost transmittance due to
the dried weather and air pollution, resulting in high dust accumula-
tion. In this period, ST1 and T samples had the lowest transmittance
losses. In region 2 (day 28), it was observed a precipitation of less than
10 mm (see Fig. 4a) and this was sufficient to promote the glass self-
cleaning. ST1 and ST2 had the best performance in this period, almost
recovering initial transmittance. In region 3 (day 63), there was an
extremely dried period and the samples were fouled so much, with
maximum transmittance losses, reaching the value of 15.5% for un-
coated glass. ST1 and ST2 had the best performance in this period too,
presenting minor transmittance losses with values of 7.9% and of
10.0%, respectively. Chaba et al. (2008) also found evidence that the
self-cleaning effect can occur even when the samples are not subjected
to water, because the photocatalytic property of TiO, is active even
with no precipitation [25].

After this period, a rainy period took place with precipitations of
more than 20 mm (see Fig. 4a), contributing to another self-cleaning
effect. In regions 4 and 5, uncoated glass presented 3.4% of transmit-
tance loss, and only (day 91) coated glasses shown self-cleaning effect.
The experimental data prove how anti-soiling coatings are effective in
glass cleaning. Chaba et al. (2008) showed that organic deposits can be
strongly bonded to the glass surface so that only a mechanical human
intervention can washed off this deposit [25]. This explains why the
uncoated glass presented a transmittance loss also after the rainy
period. Based in this soiling test, it was concluded that ST1 and ST2
coatings are good candidates as self-cleaning coatings to be used on PV
module cover glass, allowing reducing the transmittance losses of both
in rainy and dry period. The fact that ST1 had better performances (i.e.
lower transmittance losses) than ST2 could be justified in terms of
surface roughness. Cuddihy (1980) listed some characteristics of the
surface in order to be less susceptible to soil deposition and one of this
characteristic is that the surface should be smooth, because in this way
it has a lower probability to trap particles [26]. From AFM results, it
was observed that ST1 presents lower RMS roughness (0.2nm) than
ST2 (0.4nm). Jelle et al. (2012) highlighted that some PV module
maintenance is necessary also when using self-cleaning coatings, owing
to the fast deposition of dirt over the glasses [27]. However, the use of
anti-soling coating helps in reducing the frequency of PV module
maintenance. The hydrophobic sample (SM) presented worse perfor-
mance with respect to the others coatings during both dry and rainy
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Fig. 4. Transmittance Loss (%T) vs Time (days) measured in: a) Belo Horizonte (Brazil), b) San Sebastidn (Spain), c) Piacenza (Italy); and the corresponding

precipitation values (mm) collected in the same period.

periods. According to Midtdal et al. (2013) glasses with these coatings
require regular manual cleaning to reduce the transmittance losses,
therefore they can be classified as “easy to clean” rather than self-
cleaning coating [9].

The same anti-soiling coatings have been tested in San Sebastidn
(Spain) during the same period (August to December). However, the
weather conditions in San Sebastidn were completely different com-
pared to Belo Horizonte. In particular, during the soiling test, frequent
precipitations have been found, as reported in Fig. 4b. Moreover,
Fig. 4b shows the transmittance loss (%T) vs time (days) measured at
San Sebastidn.

The soiling accumulation was very low in all the samples; therefore
the optical properties were not dramatically affected. Initial transmit-
tance loss values under 3% have been measured in all cases. As seen in
Belo Horizonte, 10 mm of rainfall was sufficient to promote the
cleaning of the glasses, therefore the frequent precipitation of 5-10 mm
(see Fig. 4b) in San Sebastidn explains the low values of transmittance
losses found for all samples. As expected, the soiling effect is much less
relevant in places with constant rainfall and low pollution. After 105
days, a transmittance loss under 1% was measured in most of the
samples.

The same anti-soiling coatings were also tested in Piacenza (Italy)
from September to December. The weather conditions in Piacenza were
very similar to San Sebastidn regarding the frequency of precipitation
even if the volume of precipitations was higher, as reported in Fig. 4c.
In spite of the higher volume of precipitations with respect to San Se-
bastidn (more than 20 mm at 6 periods) in Italy the samples suffered of
higher transmittance losses, (see Fig. 4c).

In average, ST1 presented the best performance, with the lowest
transmittance losses for most of the soling test in agreement with the
results obtained in Belo Horizonte. The collected data show that in spite
of the fact that the soiling effect is highly dependent from the en-
vironmental conditions (e.g. rate of precipitation, local pollution, etc)
the best performing anti-soling coatings maintain the performance in
different locations.
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As the soiling observed in Brazil and in Piacenza was strong, it was
collected and then characterized. This soiling characterization is im-
portant for literature update, because most of soiling characterizations
presented in the literature is regarding a particulate material from lo-
cations near to desert or sandy areas [8].

3.3. Soiling characterization

One larger uncoated glass was exposed beside the coated glasses and
the deposited soiling was analyzed by SEM/EDS and Raman spectro-
scopy measurements. In Brazil the soiling test was carried out in a test
field surrounded by high traffic roads and trees. The location of soiling
test in Italy was more isolated from traffic road and near a power plant.
The collected soiling was analyzed by Raman spectroscopy. In Spain the
test field didn’t provide a good amount of soiling to be analyzed.

In Fig. 5 the SEM images of the collected dust in Brazil are reported
and the dirtiest part of the glass was selected in order to better analyze
the chemical composition of soiling by EDS.

In these images, fragments of plants, pollen, minerals, aggregates
can be distinguished, that is, a mixture of organic and inorganic con-
taminants. The size of dust particles varied from ~1-55um. Particle
sizes between 1 and 60 pm are commonly reported in the literature [8].
The identification of microorganisms and biofilm formation is an im-
portant issue; however it was not covered in this work as the biofilm
characterization demands longer period of observation.

The EDS data of a clean LIFG glass substrate (control sample) is
available in Fig. S2, revealing mainly the elements oxygen, sodium,
magnesium and silicon. On the other hand, the dirty glass substrate EDS
analysis presents additional elements typically present in the soil, as
magnesium, aluminum, calcium, potassium and iron, Fig. 5. Gold was
identified, because the glass was recovered with a gold thin film to
improve SEM images. Carbon derives, probably, from amorphous
carbon, soot, oil, among others. Silicon and oxygen are constituents of
glass and several kinds of minerals (quartz and silicates). Aluminum,
potassium, calcium and iron came from minerals, like oxides,
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Fig. 5. SEM images of dirty glass collected in Brazil and EDS analysis of soiling
chemical composition and image of the selected region. The SEM images refer
to the dust analyzed in two different zones of the glass.

carbonates, silicates.

Raman analysis was performed to identify some minerals present in
the dirty glass of Brazil (Fig. S3) and Italy (Fig. S4).

The soiling collected in Brazil was characterized by some minerals
like hematite, calcite, goethite, mica and lepidocrocite. This composi-
tion, with a good amount of iron-based minerals, is greatly coherent
with Brazilian soil, specifically in the state of Minas Gerais that is a
well-known region of iron extraction. Amorphous carbon was identified
too, probably originated from organic compounds, soot, industry
emissions and others urban contaminations. Mica (potassium alumi-
nosilicate) and calcite (calcium carbonate) are common minerals of
Brazilian soil. This identified mineralogy is consistent with the chemical
composition observed in Fig. 5. The soil collected in Italy was different
from the soil found in Brazil, except regarding the calcite mineral and
amorphous carbon, which were found in both locations. Moreover, al-
bite, ilmenite and quartz minerals were identified as shown in Fig. S4.
The soil in Minas Gerais is rich in iron minerals while, in Italy, calcium
carbonate and silicates are the main minerals. In spite of the different
soiling composition, the ST1 coating was effective to decrease the
soiling effect on the module cover glass.

4. Conclusions

Anti-soiling coatings composed by superhydrophilic/hydrophobic
thin films have been successfully synthesized, characterized and tested
in different locations (Brazil, Italy, and Spain). Four anti-soiling coat-
ings were proposed: TiO,/SiO, superhydrophilic sol-gel films (ST1 and
ST2), TiO, superhydrophilic e-beam evaporation film (T) and
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functionalized-SiO, hydrophobic sol-gel films (SM). TiO5/SiO, films
showed a persistent superhydrophilic character with water contact
angles near to 0°, while functionalized-SiO, presented hydrophobic
property. The comparative soiling tests showed the importance of set-
ting anti-soiling strategies in region characterized by drier climate. In
Brazil, which during the soiling test was characterized by a long dry
period, the anti-soiling coatings were effective in reducing the soiling
deposition and in the removal of the contaminants by rainwater. In the
driest period, the higher transmittance loss for uncoated glass was 16%,
while TiO,/SiO, coating reduced of 50% this loss. In Spain and Italy,
the more frequent rain precipitation made the soiling effect less re-
levant, however, the presence of anti-soiling coating on glass allowed to
fully recover of the initial transmittance after rain washing. A chemical
and mineral characterization of the soiling was carried out revealing
the dependence of the contaminants from the environment conditions
(e.g. car traffic, presence of industries, amount of rain and local mi-
nerals in the ground).
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