E coatings

Article

Micron-Smooth, Robust Hydrophobic Coating for Photovoltaic
Panel Surfaces in Arid and Dusty Areas

Rongrong Guo "2, Yuanhao Wang 3*, Hao Lu 1-24*, Shifeng Wang 5*, Bohan Wang ¢ and Qiyu Zhang’

check for
updates

Citation: Guo, R.; Wang, Y.; Lu, H.;
Wang, S.; Wang, B.; Zhang, Q.
Micron-Smooth, Robust Hydrophobic
Coating for Photovoltaic Panel
Surfaces in Arid and Dusty Areas.
Coatings 2024, 14, 239.
https://doi.org/10.3390/
coatings14020239

Academic Editor: Joachim Albrecht

Received: 23 January 2024
Revised: 10 February 2024
Accepted: 17 February 2024
Published: 18 February 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Center of New Energy Research, School of Future Technology, Xinjiang University, Urumgqi 830047, China;
guorongrongmail@163.com

Engineering Research Center Northwest Energy Carbon Neutrality, Ministry of Education,

Xinjiang University, Urumgqi 830047, China

3 Hoffmann Institute of Advanced Materials, Shenzhen Polytechnic University, Shenzhen 518055, China
School of Electrical Engineering, Xinjiang University, Urumgqi 830047, China

Innovation Laboratory of Materials for Energy and Environment Technologies, Institute of Oxygen Supply,
College of Science, Tibet University, Lhasa 850000, China

College of Science (Managerial Economic Programme), Nanyang Technological University, South Spine,
Singapore 639798, Singapore

Department of Economics, Huron University College, London, ON N6G 1H3, Canada

*  Correspondence: wangyuanhao@szpu.edu.cn (Y.W.); luhao@xju.edu.cn (H.L.); wsf@utibet.edu.cn (5.W.)

Abstract: Photovoltaic (PV) power generation is a clean energy source, and the accumulation of ash
on the surface of PV panels can lead to power loss. For polycrystalline PV panels, self-cleaning film
is an economical and excellent solution. However, the main reasons why self-cleaning coatings are
currently difficult to use on a large scale are poor durability and low transparency. It is a challenge to
improve the durability and transparency of self-cleaning thin films for PV panel surface against ash
accumulation. Therefore, in this paper, a resin composite film containing modified silica components
was designed and synthesized, mainly by the organic/inorganic composite method. A transparent
hydrophobic coating with nano-micro planar structures was constructed, which primarily relies on
the hydrophobic properties of the compound itself to build the hydrophobic oleophobic coating.
The layer has a micrometer-scale smooth surface structure and high transparency, with a 0.69%
increase in light transmittance compared with uncoated glass, and the durability is good. It is mainly
applied to the surface of photovoltaic devices, which can alleviate the dust accumulation problem
of photovoltaic panels in arid, high-temperature, and dusty areas and reduce the maintenance cost
of them.

Keywords: self-cleaning; hydrophobic; transparency; photovoltaic; robust; friction resistant

1. Introduction

With the deterioration in global climate and environmental problems in recent years,
replacing traditional fossil energy with clean energy has become a research focus and
difficulty. The photovoltaic industry has become a pillar of the new energy industry with
its advantages of safety, green, and renewable [1]. However, studies have shown that in
dusty or polluted climates, which can produce dust accumulation on PV panels [2], the
actual power output may be reduced by as much as 60% if the PV panels are not cleaned
regularly [3]. Therefore, the problem of dust accumulation on PV panels is particularly
prominent in dry, high-temperature, and dusty areas [4]. Ash accumulation not only leads
to a decrease in power generation efficiency but also to localized overheating of the solar
panel surface, which then causes hot spots, leading to module damage and affecting the
life of the PV installation [5].

Currently, the most common methods reduce the loss from dust accumulation are to
change the tilt of the photovoltaic panels (to find the best angle) and/or regular cleaning of
the photovoltaic panels [6], the disadvantage is that these will increase water consumption
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and increase the maintenance costs in terms of labor. So, various self-cleaning films have
been proposed for reducing dust accumulation on the surface of solar panels because
nano-self-cleaning films are a more economical and convenient way to minimize dust
accumulation [7].

The self-cleaning performances and mechanisms of superhydrophobic and super-
hydrophilic coatings on solar photovoltaic cells have been compared by experimental
measurement [8]. It was demonstrated that hydrophobic, superhydrophobic, hydrophilic,
and superhydrophilic coatings have good self-cleaning ability [8]. Self-cleaning films for
solar panel surfaces are mainly categorized into hydrophobic and hydrophilic films. The
self-cleaning principle of hydrophobic self-cleaning film is as follows: (1) hydrophobicity
means dust and pollutants do not easily attach to the surface. (2) Through the natural
action of wind and rain, dust can be better removed from the surface of solar panels. The
principle of hydrophilic self-cleaning film is that water is wholly diffused on the surface,
and with the flow of water, dust can be quickly taken away [9].

Hydrophobic films are more suitable in dry and dusty water-scarce areas because dust
sources are mainly microscopic particles of soil and rocks, bird droppings, fungal algae,
pollen, and artificial sources, specifically, industrial and traffic dust [10]. Hydrophobic
films have the more obvious advantage of reducing aqueous and pollutant deposition. Cur-
rently, hydrophobic films have promising applications in the steel, textile, and petroleum
industries, anti-fingerprint screens, microfluidic devices, and oil/water separation mem-
branes. Many methods and properties for the preparation of superhydrophobic coatings
have been reported in the literature. The basic principles of superhydrophobicity are
(1) the construction of rough structures on the surface, and (2) the chemical modification
of low-surface-energy compounds. So, the most common approach is to combine micron-
or nanoscale rough structures with low-surface-energy coatings. Rough structures can
be constructed by constructing functionalized silica nanoparticles [11,12]; or using other
etching methods to construct pyramidal, conical, and prismatic micro- and nanoscale rough
structures [13]. Low-surface-energy surfaces can be achieved using silyl surface modifi-
cation, as proposed by Barry Arkles, which is widely used [14]; fluorine-chemistry-based
surface modification materials are also widely used for their excellent hydrophobic proper-
ties [15]. Fluorine compounds with low surface energy combined with alkylsilanes result
in more hydrophobic materials, with contact angles as high as 169° [16]. The preparation of
many coatings also focuses on modified silica because silica-based materials are ideal for
forming superhydrophobic coatings as they offer a tunable refractive index and thickness
with excellent adhesion to the base substrate [17].

It can be found that the hydrophobic properties of materials reported in many studies
were achieved by surface modification [18], and by forming covalent bonds to improve
weather resistance [19]. So self-cleaning film is currently challenging to apply on large
areas mainly because of poor durability and low transparency; with the surface mechanical
structure in daily cleaning and maintenance as well as the wear and tear caused by wind,
rain, sand, and gravel under natural conditions, the hydrophobic performance of the
coating decreases substantially. And the high cost of most coatings, coating methods, and
the complexity of the coating process are the most significant constraints on the practical
application of self-cleaning coatings. The future development in the field of self-cleaning
coatings is to focus on the development of reliable methods that are easy-to-handle, cost-
effective, stable, and durable for self-cleaning coating applications [20].

Therefore, this paper mainly constructs a transparent hydrophobic coating with micro-
and nano-level smooth surface structures. A smooth surface prevents scratches. The
principle is to make objects slide across the surface instead of scratching the paint film. So
smooth surfaces demonstrate significant scratch resistance. The solution mainly relies on the
hydrophobic property of the compound itself to construct the hydrophobic and oleophobic
coating, which has a micron-level flat surface. A hydrophobic coating was constructed by an
organic/inorganic composite method using hydrophobic precursor particles polymerized
with organic resins in a strict proportion. The preparation and coating methods are simple,
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easy to use, and have low manufacturing costs. The hydrophobic coating was verified to
have strong resistance to physical friction, a transparency enhancement effect, and both
good durability and transparency. So, the wear and tear in daily cleaning and maintenance
have less impact on the hydrophobicity of the surface, thus achieving the requirements of
high durability and low maintenance costs. It provides a solution to the problem of ash
accumulation on photovoltaic panels in arid, high-temperature, and dusty areas.

2. Materials and Methods
2.1. Materials

The primary materials used in the experiment are listed in Table 1.

Table 1. Main materials used in the experiment.

Material Name Reagent Purity (wt.%) Manufacturer
. o Shanghai Aladdin Biochemical Technology Co., Ltd.
Si0; (15-20 nm) >99.9% (Shanghai, China)
. . o Shanghai Maclean Biochemical Technology Co.
Hexadecyltrimethoxysilane (HDTMS) >85% (Shanghai, China)
s o Shanghai Maclean Biochemical Technology Co.
Tetraethyl orthosilicate (TEOS) 98% (Shanghai, China)
. . o Shanghai Maclean Biochemical Technology Co.
Triethoxymethylsilane (METEOS) 98% (Shanghai, China)
Sylgard184 elastomer base and curing agent 2% Dow corning (Shanghai, China)
106 silicone resin / Zongyang Sanjin Plgm?nt Co., Ltd.
(Zongyang, China)
Dichloromethane Analytical reagent Tianjin Jindong Tlan;heilg Che.mlcal Reagent Factory.
(Tianjin, China)
o Tianjin Fuchen Chemical Reagent Factory.
n-Heptane >99% (Tianjin, China)
Ethanol 599 7% Tianjin Fuchen .Ch.?rmcal. Reagent Factory.
(Tianjin, China)
H,O / Tianjin Fuchen Chemical Reagent Factory.
2 (Tianjin, China)
HCl 36%-38% Tianjin Fuchen .Ch.t?rrucal' Reagent Factory.
(Tianjin, China)

2.2. Preparation
2.2.1. Preparation of Hydrophobic Precursor Particles

Firstly, 50 mL of HCI (0.01 mol/L) was added into a clean beaker and stirred on the
magnetic agitator. At the same time, 0.06 g of SiO, was put into the beaker slowly, then
stirred at 600 r/min for 10 min. Secondly, 2.8 g of METEOS, 8.7 g of HDTMS, and 5.2 g
of TEOS were added into the mixture, then stirred at 500 r/min for 18 h under room
temperature; a white suspension was obtained. Finally, the white powder was washed
three times with deionized water, and then, the white powder was put into the electric
constant-temperature blast-drying oven at 60 °C to dry for 24 h (Figure 1).

2.2.2. Preparation of Transparent Film

Firstly, slides were pretreated before coating them with the film. They were ultrasoni-
cally cleaned in ethanol and distilled water 3 times.

Secondly, 0.1 g of the white particles made in the first step was added into a three-
necked flash, 106 silicone resin, sylgard184, curing agent, 5 mL of dichloromethane, and
6 mL of n-heptane were put into a 50 mL three-necked flask in the given order, and stirred
at room temperature for 30 min (Figure 1).

Finally, 0.2 mL of the mixture was taken with a pipette and applied onto a
254 mm x 76.2 mm clear glass sheet. The glass was put into the drying oven at 150 °C for
curing for 4 h.
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Figure 1. The preparation procedure for transparent film.

3. Results
3.1. Microscopic Morphology and Chemical Composition Test

Scanning electron microscopy (SEM, JSM-7500F, Tokyo, Japan) was used to exam-
ine the microscopic morphology of the prepared coatings. Fourier transform infrared
(FT-IR) spectra were measured with a Fourier transform infrared spectrometer (NEXUS,
Thermonics Co., Madison, WI, USA). EDX (JSM-7800F prime, Tokyo, Japan) spectroscopy
was used to determine the elemental content of the specimens. Transmission electron
microscopy (TEM, FEI Tecnai G2 F30, Hillsboro, OR, USA) was used to determine the
coatings’ structures, sizes, and distribution patterns.

Scanning electron microscopy is an essential technical tool to observe the size, shape,
and distribution of microstructures on the surface of coatings. As shown in Figure 2a, at a
scale of 10 microns, the coating has a small amount of bubbles on the surface, caused by
the lack of delicate handling during coating. We recommend that coating is performed by
a rotary coating method and the coating process needs to be kept clean. Drying should
be performed in a drying oven, keeping the process clean and pressurized if possible.
Figure 2b shows a small number of rectangular crystals of 100 nm-200 nm, which is due
to the precipitation of crystals produced by inhomogeneity during the drying process;
the crystals cover a small range and do not affect the hydrophobicity. This effect should
be avoided in practice. Figure 2c,d show SEM photographs of the coating at 100 nm
and 50 nm, demonstrating the flatness of the coating at the microscopic level, so that the
coating exhibits high transparency and smooth surface properties, whereby there will be
no problem of a significant decrease in hydrophobicity due to the wear of the surface
mechanics during routine cleaning and maintenance. The TEM images in Figure 3a,b reveal
the microscopic morphology of the scraped coating after treatment under a transmission
electron microscope. Selected area electron diffraction (SAED) of Figure 3c illustrates that
the coating has an amorphous structure. Analysis of microscopic images of cross-sections
containing coated glass yielded coating thicknesses in the range of 25-50 microns (Figure 4).

Figure 2. (a) SEM image of the coating at 10 pm. (b) SEM image of the coating at 0.5 um. (c) SEM

image of the coating at 100 nm. (d) SEM image of the coating at 50 nm.
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Figure 3. (a) TEM image of the coating at 100 nm. (b) TEM image of the coating at 50 nm. (c) Selected
area electron diffraction (SAED) of the coating at 5/1 nm.

25pm

Figure 4. Scanning electron microscope image (25 microns) of a cross-section of coated glass, with the
center strip being the coated portion and the lower portion of the out-of-focus region being the glass.

Figure 5 shows the FT-IR spectrum of the coated glass sheet. The strong and broad
absorption band at 1053 cm ! is assigned to the Si-O-Si anti-symmetric stretching vibration
peak, while the peak at 784 cm ! is attributed to the Si-O bond symmetric stretching vibra-
tion peak, and the peak at 1009 cm~! belongs to the Si-OH bending vibration absorption
peak. The strong and broad absorption band at 1053 cm ™!, the peak at 784 cm~!, and the
strong and broad peak at 3005 cm ! indicate the presence of the silane coupling products
prepared in the first step.
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Figure 5. FT-IR spectra of bare glass and coated glass.
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The weight percentages of each element in the overall coating were determined, as
shown in Figure 6. The weight percentages of O, Si, and C were measured as 45.62%,
16.39%, and 36.69%, respectively.

1000
Element | Weight% | Atomic%
800 |- CK 36.69 46.58
OK 45.62 43.48
e} SiK 16.39 8.9
S
2
174
oy
400
200
0 A L L L

0 1 2 3 4 5 6 7 8 9 10
Energy (keV)

Figure 6. Energy dispersive spectroscopy (EDS) for coating. This test measures the percentage of C,
O, and Si in the coating.

3.2. Wettability and Transparency Measurements

UV-vis spectrophotometer (UV-vis) measured the effect of coatings on light transmis-
sion and absorption of light. The contact angle meter (data physics OCA25, Nuremberg,
Germany) quantitatively and visually measured the hydrophobic effect of the coating. The
surface wettability of the films was characterized by the contact angle (WCA).

The static contact angle of the superhydrophobic thin film was measured by a data
physics ORA 25 contact angle measurement system with a 10 pL water droplet, which
varied from 0° to 180°. Five points were taken at different locations on the same piece of
coated glass and the contact angle data were measured and averaged to obtain a contact
angle at 122.78 degrees. The contact angles of different batches of coated glass were also
measured: five coated pieces prepared from different batches were taken and the contact
angles were found to be between 115° and 123°. The static contact angle for water on the
prepared nanocoating was 122.78° (Figure 7), which suggests that the complex nanocoating
is hydrophobic. The hydrophobicity property was also tested for other liquids, such as
NaOH, H,SO4, HCL, acid violet 43, methyl blue, silicone oil, and edible oil, and the results
showed that the complex nanocoating was hydrophobic for most of these liquids (Figure 7).
It is worth noting that the static contact angle of bare glass is 38.73° (Figure 7), with a
significant change in hydrophobicity compared to the coated glass.

The transparency and the durability responsible for the self-cleaning feature are two
contradictory parameters; increasing one parameter strongly implies a decrease in the
other [21]. For most coatings, a thicker layer means better durability, but a thicker layer
causes a dramatic decrease in coating transparency, which is fatal for PV panel surface
coatings, which require high transparency, so it is vital to choose the right thickness and
enhance the transparency of the coating. We tested the transmission and absorption
spectra of bare and coated glass plates in the wavelength range of 300-1000 nm (Figure 8).
We selected three different sites on the same glass and scanned them in the range of
300-1000 nm, and averaged the transmission and absorption data over the entire range
of scanned wavelengths. It can be calculated that the average transmittance of the coated
glass panel was 0.69% higher than that of the bare glass panel, and the average absorption
of light of the coated glass panel was 1.4% lower than that of the bare glass panel. These
test data demonstrate that the coating does not affect light capture by the photovoltaic cells
through the coated glass but also enhances the light absorption through the anti-reflection
effect of the thin coating.
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Figure 7. (a) The static contact angle for water on the prepared coating was 122.78 degrees. (b) The
static contact angle for water on the bare glass. (c) Pictures of NaOH, H,SO4, HCI, acid violet 43,
methyl blue, silicone oil, and edible oil on the prepared coating, separately.
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Figure 8. Transmission and absorption spectra of bare and coated glass plates in the wavelength
range 300-1000 nm.

3.3. Mechanical Robustness and Self-Cleaning Performance of the Coating

In order to test the durability of the coatings, sandpaper friction tests were performed
using sandpaper. To measure the self-cleaning ability of the coating, we collected dust from
the local solar panels, spread it evenly on the surface of the coated glass sheets at an angle
of 30°, and then water drops were sequentially placed on the surface to observe whether
the pollutants could be removed by the water drops.

Reciprocating friction against sandpaper was adopted to evaluate the mechanical
stability of the coatings [22]. The coated glass sheet (25.4 mm x 76.2 mm) was placed face
down on the sandpaper (3M, 401Q, P2000, Shanghai, China), to which the pressure of a
1 kg weight was added, and then moved horizontally along the sandpaper; moving 10 cm
on the sandpaper was counted as one cycle. As shown in Figure 9a, the static contact
angle of the coating was tested after 10, 20, 50, 100, 150, and 200 friction cycles. The static
contact angles of the six measurement points are around 122° (Figure 9b), which indicates
that friction under this condition has a negligible effect on the hydrophobic properties of
the coating. As shown in Figure 9c, the friction of the sandpaper on the coating caused
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some rough structures on the coating surface, which may also be the reason for some small
upward fluctuations in the contact angle.

140

(a) (b) (d)

Py
S
T

1Kg

e

I~
S

Contact angle (°)

glass

S

100

0 50 100 150 200 coating sandpaper

Abrasion cycle

Figure 9. (a) Changes in hydrophobicity in the abrasion test against sandpaper. (b) Photographs
of the coatings after 200 cycles (10 cm per cycle) under a 1 kg weight. (c) SEM photographs of the
coatings after 200 cycles (10 cm per cycle) under a 1 kg weight. (d) Schematic diagram of sandpaper
friction cycle experiment.

Most of the gradual deterioration in the hydrophobicity is due to the destruction of
some protrusions on the coating surface, and the wear marks become more and more
visible with increasing wear cycles [23,24]. In contrast, the nanoscale flat surface coating
improved the hydrophobic degradation due to the destruction of the surface rough struc-
ture compared to most reported stable hydrophobic coatings, showing better mechanical
stability and maintaining its hydrophobicity even after 200 cycles. Most of the gradual
deterioration in hydrophobicity was due to the destruction of some protrusions on the
coating surface and the wear marks became more and more visible with increasing wear
cycles [25,26].

Self-cleaning performance can be verified by testing in practical situations [27]. The
coated substrate was placed at an angle of approximately 30° relative to the horizontal
plane. The dust collected on the local solar panel was spread evenly on the coated glass
sheet, and then an aqueous solution of acidic violet 43 was applied to the glass drop by
drop until all the dust was washed off the glass (Figure 10). Figure 10d shows uncoated
glass with dust evenly spread on it. Multiple drops of water solution were applied. It
can be seen that the dust is still not cleaned on the two water trails. The aqueous solution
containing surfactants was found to be better for cleaning the dust, making the cleaning
process faster and more water-efficient, probably due to the oily organic component of the
local dust.

Figure 10. Self-cleaning performance of coated glass. (a) The glass sheet is sprinkled lightly with
dust collected from local solar panels. (b) A dropper is used to put three drops of water on the plate.
(c) A small amount of water is used to clean off the dust. (d) Comparison with uncoated glass panel:
the cleaning effect of surface dust with three drops of water.
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Studies have shown that droplets have the best bouncing performance on random
rough surfaces [28]. However, the coatings we prepared tended to be smooth surfaces, so
the droplet bouncing was not obvious, and the droplet trajectory tended to be close to a
straight line when cleaning, which is relatively more water-efficient.

3.4. Test of the Coating on Real Photovoltaic Panel

The coating was applied to a photovoltaic panel and the panel was placed in an
outdoor environment for 3 weeks to measure the amount of dust accumulation and the
effect on the efficiency of the photovoltaic panel in generating electricity.

The photovoltaic panels were SYSP-type monocrystalline solar panels (18 V, 20 W)
produced by Shenzhen Xiangri Solar Energy Technology Co. (Shenzhen, China), with
specifications of 300 cm x 410 cm x 17 cm, and were tested by a Tes-1333 solar irradiator,
PVT801 solar photovoltaic panel tester, electronic scales, and non-contact infrared tempera-
ture measuring gun. Two solar panels of the same specifications, covered with coated and
uncoated glass, were placed in the outdoor environment in Beijing. The solar radiation,
solar panel ash accumulation, current, voltage, power, temperature, and other parameters
were tested every day at 12:00 noon for three weeks, from 25 June 2023 to 16 July 2023. The
PV panels were not rained on during the experiment. The density of dust deposition on the
photovoltaic module decreases with the increase in tilt angle when it faces the wind [29].
Considering the convenience of measurement and the optimal tilt angle of the site, the tilt
angle of the PV panel was set to 60°.

With the passage of time, an increase in the density of dust accumulated on the surfaces
was observed and the efficiency of the solar panels was calculated to decrease gradually.
Due to the difference in the dust density on each panel, the average dust densities of the
bare and coated glass increased to 22.76 g/m? and 14.63 g/m? from 0 g/m?, respectively,
this was due to the self-cleaning property of the coating, which reduced the amount of dust
accumulated on the glass surface.

In Figure 11a, an image of the ash accumulation on the fifth day is shown, the image on
the left-hand side is the coated PV panel and the one on the right-hand side is the uncoated
PV panel, and by comparing them it can be seen that the amount of ash accumulation on
the left-hand side is higher than that on the right-hand side. Figure 11b is an image of the
ash accumulation on the tenth day. On the tenth day some light rain fell. Comparing the
two solar panels, it can be clearly seen that the right-hand side of the PV panel is cleaner
than the uncoated PV panel, and the left-hand side of the PV panel has patches of stains
on the PV panel. The above comparison shows that the coated PV panels have significant
self-cleaning properties.

§|

Figure 11. (a) Dust accumulation image at day 5, with the left PV panel being the uncoated control

group and the right PV panel being the coated experimental group. (b) Image of ash accumulation
after rain at day 10, with the left PV panel being the uncoated control group and the right PV panel
being the coated experimental group.
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It can also be concluded from Figure 12 that the density of dust accumulated by the
coated and bare solar panels is also different, with the dust density curve of the uncoated
solar panels having a smaller slope and the dust density curve of the coated solar panels
having a more significant slope, indicating that the coating has the ability to mitigate the
accumulation of dust on the photovoltaic panels.

25
20r —=—bare
“— —o— coating
£
@15 B
£
@»
S
s 10 |
3
a
S5k
0 [ 1 L 1 'l L L 'l L ' 'l

Figure 12. Dust density (g/m?) accumulated by bare and coated solar panels over 3-week period.

As shown in Figures 13 and 14 the I-V and P-V fitting curves are plotted from the
current, voltage, and power data obtained from the three-week test. The maximum power
of the bare panel is 13.79 (W), and the maximum power of the coated panel is 13.99 (W);
the minimum power of the bare panel is 4.91 (W), and that of the coated panel is 5.56 (W).
It can be seen that the coating has a positive effect on the power of the PV panels.

14}

—
N
T

Power(W)
k.
=4

o«
T

bare
coating

4 L L L
16 17 18 19

Voltage(V)

Figure 13. The P-V curve fitted to data from the bare and coated solar panels over 3-week period.

The electrical output power was calculated using Watt’s law according to Equation (1).
Ppv =V x 1, (1)

where V is the PV panel voltage (V), and I is the PV panel current (I.).
The efficiency of the PV panels (ypv) was calculated as the ratio of the PV panel’s
output power and the input solar power (Equation (2)) [30].

VI
"= AxG &)
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where A is the PV panel surface area (m?), and G is the intensity of solar radiation (W/ m?).

Current(A)
[—]
=)

04} bare
coating

L L 1

17 18 19
Volatge(A)

Figure 14. The I-V curve fitted to data from the bare and coated solar panels over 3-week period.

Through testing, we obtained the daily solar irradiance data, PV panel current, PV
panel voltage, temperature, power, and other data, which were used in the calculation of
Equations (1) and (2).

The daily 3-week panel efficiency data of the solar panels are shown in Figure 15.
From the data, it can be seen that at the beginning the efficiency of the coated PV panels
was about the same as that of the uncoated PV panels, but on the seventh day, the efficiency
of the coated PV panels was higher than that of the uncoated PV panels. At the end of three
weeks, the efficiency of the coated PV panels was higher than the uncoated PV panels by
1.11%. In three weeks, the efficiency of the uncoated PV panels decreased by 3.8%, while
the efficiency of the coated PV panels decreased by only 1.48%. It can be seen in the figure
that the rate of decrease in the efficiency of the uncoated PV panels was significantly larger
than that of the coated PV panels. The above comparison shows that the coated PV panels
have obvious self-cleaning performance.

14

—&— hare

—e— coating

— ot
(5] w
T T

—
T

PV panels efficiency(%)

10 |
9 1 L L L L L L Il L 1
RSP S P R P PP
R A R AN
Date

Figure 15. Panel efficiency (%) tested on bare and coated solar panels over 3-week period.

By comparing the temperature data of the 6th, 16th, and 22nd days with the same solar
irradiation intensity of 880 W/m?-890 W/m?, it is found that there is a significant increase
in the temperature, which indicates that the accumulation of ash has a negative impact on
the surface temperature of the PV panel, and the self-cleaning property of the coating has a

positive impact on the PV panel itself, which is important for improving the lifetime of the

PV panel and reducing the possibility of hot spots formed due to high temperatures.
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4. Discussion

From the perspective of bionics, researchers have found that the hydrophobic phe-
nomenon on the surface of the lotus leaf has the effect of self-cleaning [31]: due to the
high contact angle (>150°), water drops readily roll off the lotus leaf surface, collecting
dirt particles. More and more researchers are studying the principle of hydrophobicity
and have found that the strength of hydrophobicity is mainly dependent on the surface
roughness structure and compound hydrophobic groups [32]. Nowadays, many super-
hydrophobic surfaces have been researched, and the contact angle can be as high as
170 degrees [33], but most of them mainly rely on the rough structure to achieve the pur-
pose of hydrophobicity [34], and the construction of rough surfaces needs to go through
various chemical and physical treatments [35,36], which leads to the complexity of the
coating process, and the high cost. When we want to apply the coating on an actual PV
panel’s surface, the durability, transparency, preparation cost, and the coating process
become critical issues. The rough structure will be smoothed out with mechanical friction
and lose its hydrophobic effect, which leads to poor durability. Compounds containing
more hydrophobic groups are white or opaque, and an inhomogeneous rough structure
also leads to lower transparency.

This paper proposed constructing a hydrophobic coating with a smooth surface struc-
ture, and we designed and synthesized a resin composite film containing modified silica
components, mainly by using an organic/inorganic composite material approach. Hy-
drophobicity is achieved by relying only on the hydrophobic groups of the compounds.

A smooth surface prevents scratches. The direct damage to the paint film caused
by scratches is obvious. When a sharp object rubs across the film, causing irreversible
deformation or even a direct cut through, this is a scratch to the film. The addition of a
smoothing additive improves the smoothness of the surface and significantly reduces this
damage. The principle is to make objects slide across the surface instead of scratching the
paint film. Smooth surfaces demonstrate significant scratch resistance.

If the interaction force between the chain segments of the smoothing additives are
weak, then the scratch resistance is significantly improved. Organically modified polysilox-
anes containing a high proportion of polydimethylsiloxane chain segments exhibit par-
ticularly weak interaction forces, both with each other and with other materials, which
makes them ideal smoothing additives. Organically modified silicones minimize the un-
evenness of the film surface and help coatings to form a very smooth surface. During the
drying process, the organomodified siloxanes continue to accumulate on the surface of the
coating film and a very slippery film is formed. Fluid lubrication occurs at this point and
slipperiness can be significantly improved.

Firstly, the microscopic morphology was tested and the surface of the coating was
found to be smooth at the micrometer level. After testing the chemical composition, the
validation and testing program was designed based on the actual requirements for self-
cleaning coatings on PV panel surfaces.

The coatings on PV panels can be evaluated by (1) hydrophobicity; (2) transparency;
(3) durability; and (4) economy.

Hydrophobicity is part of the self-cleaning ability, so we designed the experiment
to measure the contact angle to prove the hydrophobicity; the water contact angle could
reach 122°.

Transparency is a key indicator for the efficiency of PV panels, if the transparency is
low it will greatly affect the efficiency of PV panels. So we designed an experiment using
ultraviolet and visible spectrophotometry to test the light transmittance, and found that it
was 0.69% higher than pure glass.

Durability is a more prominent issue for coatings in practical use. If the durability
is not good, the hydrophobicity will be gradually lost with daily mechanical wear and
tear. After the coating loses its effectiveness, maintenance and re-coating at a later stage
are costly and labor intensive. Therefore, we designed a sandpaper friction experiment to
prove that the coating had the ability to resist abrasion under daily mechanical abrasion.
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Economically, we accounted for the cost of the coating. One square meter of glass
panel requires 0.1 L of coating. The cost of one square meter of glass panel coating based on
industrial-grade raw materials was RMB 2.5-3.5. The total cost, including labor and coating
process costs, was initially estimated to be less than RMB 10, which is low compared to
most paints on the market.

Although this study revealed important discoveries, there are also limitations. Firstly,
the contact angle of the smooth surface is not as high as the contact angle achieved using the
traditional method of constructing rough surfaces, and there is still room for improvement
in terms of the hydrophobic effect. Secondly, the hydrophobic surfaces are theoretically
anti-icing [37], but this effect has not been tested considering that most PV devices are
installed in arid and dusty areas. Third, in outdoor practical application weather resistance
is also an important evaluation index [38], but in arid and dusty areas corrosive substances
have less impact, and the impact period is too long, so this could not be tested. Finally, in
terms of practical application testing, due to the conditions there were few samples and a
short cycle. It is believed that with more samples and a longer cycle the advantages of the
coating will be more obvious.

One important future direction of self-cleaning coatings is the more comprehensive
improvement of overall performance in terms of durability and weathering, as well as a
summary of the principles. The experimental research results will hopefully serve as useful
feedback information for improvements in self-cleaning coating work.

5. Conclusions

In this study, a preparation method of hydrophobic self-cleaning film for polycrys-
talline PV modules with good weatherability is proposed. According to a series of investi-
gations, the following conclusions are drawn.

By preparing fluorine-containing permeation-enhancing resin films, the surface mor-
phology shows that the films have micrometer-level flat surfaces, which improves the
problem of reduced hydrophobicity due to the wear and tear of the hydrophobic rough
structure on the surface of conventional hydrophobic coatings with daily use. The static
contact angle of the film is 122.78 degrees; it can be calculated that the average trans-
mittance of the coated glass panel is 0.69% higher than that of the bare glass panel, and
mechanical wear and tear has less impact on the hydrophobicity. Experiments under the
actual working conditions of PV panels also show that the coating is indeed self-cleaning,
which can improve the efficiency of the PV panels and lower the temperature of the PV
panels, thus reducing the expenditure on cleaning and maintenance and improving the
service life of the PV panels. This technique provides a new opportunity in the practical
application of self-cleaning film on photovoltaic glass covers.
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