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Solar photovoltaics is a significant renewable energy source. However, solar PV panels' efficiency decreases due to dust
accumulation on their surface, leading to decreased power and increased maintenance costs. A super-hydrophobic, optically
transparent, and self-cleaning modified nano-coatings have been synthesized using HDTMS-nano-silica and applied as a
top-glass cover on solar PV cells to address this issue. The nano-coating is found to improve the efficiency of the PV panels
and reduce the cleaning costs.

In the first phase, modified HDTMS-nano-SiO, coatings are synthesized using HDTMS and triethyl amine. The x-ray
diffraction (XRD) and energy dispersive x-ray (EDX) studies have confirmed the presence of silica nanoparticles and
successful modification to HDTMS-nano-SiO:. Five potential samples have been characterized using scanning electron
microscopy (SEM), and the hydrophobicity is tested using a water contact angle test (WCA). Thermogravimetric analysis
(TGA) studies have revealed the stability of HDTMS-nano-SiO: at higher temperatures, and demonstrational assessment of
transparency is also tested.

In the second phase, the environmental stability of the HDTMS-nano-SiO, coating is evaluated using three identical solar
PV cells. The experimental results demonstrated that nanomaterial-coated-uncleaned solar PV cells outperform uncoated-
dusty-uncleaned solar PV cells efficiency by 16% and regularly physically cleaned uncoated solar PV cells efficiency by
6.5%. The nano-coating has a 35-day active duration.

The synthesized HDTMS-nano-SiO, coating proves to be a cost-effective solution to improve solar PV panels' efficiency
by reducing dust accumulation and minimizing cleaning costs. The study demonstrates the potential of self-cleaning nano-
coatings for enhancing the performance of solar PV panels.
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1 Introduction

Nano-SiO: has a huge specific surface area and is
odorless, non-toxic, and lightweight'. It has good
mechanical, optical, mechanical, and flame-retardant
qualities. It has drawn a lot of interest in the industries
of ceramics, papermaking, metals, plastics,
photovoltaics, and many more”’. Due to their wide
range of uses, including dirt resistance, corrosion
resistance, anti-icing characteristics, and others,
surfaces with hydrophobic properties have sparked a
lot of curiosity®. Superhydrophobic surfaces have
been produced by manipulating both chemical
composition and morphological structure, and they
are now widely acknowledged to be the outcome of
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the interaction between high surface roughness and
low surface energy’. A diverse and wide range of
bottom-up and top-down research teams have
attempted to create fabrication methods for
superhydrophobic surfaces'’. Clear superhydrophobic
coatings are gaining popularity lately in the context of
transparent optical purposes like solar cells, windows,
and lenses'’. However, creating such surfaces has
frequently required time-consuming or expensive
procedures, and necessitated ineffective methods
because of lack of wear resistance or needed surface
pre- or post-treatment for a wide range of substrates
and particles'".

The impact of surface morphology on transparency
and hydrophobicity has been investigated, and more
recently, a method for coating hydrophobic nano-
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particles with silane to give them transparent
superhydrophobic properties has been illustrated'”. In
this work, silica nanoparticles are used to demonstrate
a straightforward technique for creating super-
hydrophobic transparent coatings. The adherent
force amidst surfaced materials and the substrate can
be increased using this technology without the need
for extra surface treatments. By adjusting the
solution's concentration of silica nanoparticles,
the surface shape may be readily modified, which
can be further managed to impart considerable
superhydrophobic and transparent coatings.

2 Materials and Methods

2.1 Materials

Finely powdered silicon dioxide nanoparticles with
average particle size (30-50 nm) were used for the
research along with coupling agent silane, specifically
hexadecyltrimethoxysilane(HDTMS). Without
additional purification, the other reagents like
triethylamine (TEA), distilled water, and ethanol
absolute were utilized in their original form without
any prior or after modifications. All chemicals were
of analytical grade. The existence of SiO. at about
23°-25° has been confirmed by XRD of SiO:
nanoparticles (Fig. 1)

2.2 Synthesis of the modified silica nano-particles

A chemical route was used for the synthesis of
hybrid silica-nano particles with different SiO:
concentrations. A 3.6-weight-percentage modified
silica dispersion solution was made by dissolving
0.3 g nano-silica particles in 7.2 ml anhydrous ethanol
and then 0.15 ml of HDTMS liquid solution was
added to the resulting solution under ultrasonication
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Fig. 1— Schematic diagram showing the preparation of Modified
Hydrophobic Nano-Si0, coating.

for 15 minutes. Thus, transparent super hydrophobic
modified Nano-SiO: layers were obtained. The PH of
the solution was controlled by mixing triethylamine
during ultrasonication and the resulting mixtures were
left for 24 hours at room temperature conditions.
Using the same method of experimentation, four other
modified silica dispersion solutions were prepared
with 0.3%, 0.6%, 2%, and 3.6-4% concentrations.

The chemistry involved in the mechanism of the
formation of hydrophobically modified nano-silica
layers should also be understood which gives a deep
informational insight into the overall preparation
process. The schematic diagram (Fig. 2) illustrates
this chemistry mechanism involved in the formation
of modified hydrophobic nano-silica layers.

It explains the role of triethylamine as a base that
abstracts H ions from the hydroxyl group of silicate
moiety and leaves it as a stronger nucleophilic group
that can attack the HDTMS. Further, stronger
nucleophilic clusters on the silica surface favor better
attachment of HDTMS with an oxygen atom and the
removal of —OCH3 groups into the medium. The
—OCH373 groups later abstract the H * ion back from
the triethylammonium ion to regenerate the catalyst.
A sincere attempt has been made to explain the
above-mentioned mechanism through a schematic

diagram representing the step-by-step process
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Fig. 2 — Schematic diagram showing the chemistry mechanism
involved in the preparation of Modified Hydrophobic
Nano-Si02 coating.
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involved in forming hydrophobically modified silica
nanolayers using different chemicals.

2.3 Silica nanoparticles dip-coating on a glass substrate
preparation

Without any prior or after treatment, two pairs
of 25mm x 75 mm glass slides were vertically
lifted out of the dispersion solution above mentioned
after 2 minutes and were allowed to dry at room
temperature overnight in the preparation laboratory.

The EDX results shown in Figures 4a and 4b show
successful grafting of silica nanoparticles on the
above-discussed glass slides with the mentioned
dimensions.

2.4 Characterization

A high-resolution SEM (scanning electron
microscopy) (SEM, ZEISS, 10 kV), XRD (X-ray
diffraction), and EDX (energy dispersive X-ray
spectroscopy) were used to depict and analyze the
morphologies of the material of all the samples. The
CA100A device was used to measure the water
contact angles, and a regulated 5 pL droplet size of
deionized water was used. TGA (thermo gravimetric
analysis) study of original silica nanoparticles and
modified HDTMS-nano silica nanoparticles was also
performed to check the thermal stability of the
prepared nano-coating at high temperatures.

3 Results and Discussions

3.1 XRD Analysis

Figure 3 represents the X-ray diffraction (XRD)
pattern of silica nanoparticles. The typical peaks of
the synthesized silica nanoparticle at the 20 degree
region ranged from 23° to 25°, which were discovered
to be consistent with the standards.
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Fig. 3 — shows XRD spectra of SiO2 nanoparticle.

The significantly wider diffraction peaks indicate
that the synthesized powder particles were nanosized.
Further, in Fig. 3, the XRD pattern has prominent
diffraction peaks, and Bragg's reflections are visible.
The purity of the silica nanoparticles is represented by
the peaks.

These Braggs reflections clearly showed the
presence of sets of lattice planes. Further, on these
grounds, they may be classified as face-centered cubic
structures (fcc)'® of silica nanoparticles created in our
current synthesis, demonstrating that they are
crystalline in nature.

3.2 EDX Analysis

In addition, the composition of the chemical
elements of nano-SiO. and HDTMS-nano-SiO, was
measured by energy dispersive x-ray analysis, shown
by Figures 4 a, b.

The nano-SiO: elemental composition was solely O
(Oxygen) and Si (Silicon), as shown by the
comparative examination of the data in Figure 4a.
Table 1 shows the respective weight percentages and
atomic percentages of oxygen and silicon,
representing the original silica nanoparticles to be
modified.
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Fig. 4 — (a) EDX of original Silica Nanoparticles used for
experimentation, & (b) EDX Result of the Silica Nanoparticles
grafting on glass slides for experimentation.
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After being altered, a specific amount of the
element C was added to HDTMS-nano-SiO., which
proved that the material had been altered shown in
Fig. 4b.

The C element first appeared as a result of the
existence of CH. and CHs, resulting in providing
hydrophobic behavior to material particles. Therefore,
the study revealed the C element's presence in
HDTMS-Nano silica'*.

Table 2 shows the respective weight percentages
and atomic percentages of carbon oxygen and silicon
in which the presence of carbon weight and atomic
percentages approves the modification of silica
nanoparticles to HDTMS-nano-SiO: nanoparticles.

3.3 SEM Analysis

By diluting the silica nanoparticle concentration in
anhydrous ethanol, the concentration of the solution
was changed. In this work, a new form of silica

Table 1 — Elemental weight % and atomic % of original Silica

Nanoparticles
Element Wt% Atomic %
¢} 51.85 65.4
Si 48.15 34.6
Total: 100 100

Table 2 — Elemental weight % and atomic % of HDTMS-nano-
Si0: Nanoparticles used for experimentation

Element Wt % Atomic %
C 19.9 29.18
O 43.49 47.86
Si 36.61 22.96
Total: 100 100
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nanoparticles with a fusion of HDTMS and TEA was
formed and an effort has been made to introduce
information about the specific nature of the
hydrophobicity property of nano-silica particles by
mixing with HDTMS and TEA. The original glass
slide surface's water contact angle was 52 degrees.
The water contact angle increases as silica content
rises, with the highest value occurring between
concentrations of 0.5 and 1 weight percent'. The
interaction of nano and micro hierarchical structures
and low surface energy materials can be readily
analyzed to explain WCA (water contact angle)
analysis'>. This finding also suggests that the
optimum concentration of silica nanoparticles is
crucial for producing superhydrophobic coatings.
Surface roughness and low surface energy materials
brought about by silane coupling agents (HDTMS)
and silica nanoparticles are sources of a particular
surface’s hydrophobicity and superhydrophobicity.

With triethylamine acting as a hydrolysis catalyst
at room temperature, HDTMS changes silane into
silanol, which causes modified silica nanoparticles to
stack up on the surface by interacting with the
hydroxyl(-OH-) groups found on the surfaces of glass
slides and silica nanoparticles.

Scanning electron microscopy (SEM) was
performed, and the final coatings’ images on the glass
surface are shown in Figure 5. Initially, the glass
surface appears to be smooth. A continuous coating
with a few minor excrescences was seen with 0.3
weight percent of silica nanoparticles applied and a

SptemVecum = 1130 05 mour (A
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Fig. 5 — shows SEM of the original glass surface (a) and glass surface modified with varying silica nanoparticles concentrations
(b) 0.3 wt%, (c) 0.6 wt%, (d) 2 wt%, & (e) 3.6-4 wt%, respectively having 50.00 K times magnification.
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water contact angle of 144 degrees. Microscale isle-
like structured agglomerations are formed when the
concentration of silica nanoparticles increases to 0.6
weight percent. These aggregates have a high-water
contact angle of 152 degrees because of their
sufficient surface roughness. No sharp observable
accession of the water contact angle had been seen
until the concentration increased to 3.6 weight percent
as per the specimen tested.

On the other hand, it is observed that when silica
concentration increases, the coating thickness
increases and becomes denser, possibly leading to
cracks and other detrimental effects on the surfaces.
This suggests that silica nanoparticle coatings are
unsuitable for high silica concentrations. Therefore, a
concentration of 0.25—1 weight percent is ideal in this
instance, especially if superhydrophobicity and
transparency are to be required simultaneously”.

When the concentration of silica nanoparticles is
0.6 weight percent or lesser, the coated glass exhibits
a transmittance of more than 60%, which is distinctly
comparable to bare glass. Surface roughness and film
thickness both increase when the concentration
exceeds 0.6 wt%. As a result, transparency 1is
decreased due to increased light scattering.
Transparency and superhydrophobicity typically go
hand in together'®.

In contrast, it is possible that increased

superhydrophobicity caused by surface roughness
results in less transparency. To some extent, an
increase in silica content can cause a decrease in

(a) ' (b)

transparency and an increase in hydrophobicity.
Hence, one of the most important elements in the
creation of a superhydrophobic transparent surface is
the correct concentration of silica. All things
considered, the concentration up to 0.6 wt.% is
appropriate in this instance for the discussed research
work. Surface roughness and film thickness both
increase when the concentration exceeds 0.6 wt.%.
As a result, transparency is decreased due to
increased light scattering. Superhydrophobicity and
transparency generally contradict one another, and it
is possible that increased superhydrophobicity caused
by surface roughness results in decreased
transparency. To a certain extent, an increase in silica
content can cause a decrease in transparency and an
increase in hydrophobicity. Hence, one of the most
important elements in the creation of transparent
superhydrophobic ~ surfaces is the  correct
concentration.  All  things  considered, the
concentration of 0.6 wt.% is appropriate in this
instance. It has been examined further that, surface
coating with a concentration of up to 0.6 wt%
maintains its coating properties throughout the course
of a month.

3.4 WCA Analysis

Water contact angle test (WCA)Analysis of the
varying concentrations of silica nanoparticles viz.
0.3 wt%, 0.6 wt%, 2 wt%, and 3.6-4 wt% with
respect to the original glass surface were performed
and were respectively analyzed along with the
nature of their hydrophobicity shown in Figure 6.

(c)

Fig. 6 — The WCA (water contact angle) of droplets of water on (a) the original glass surface, (b) HDTMS+0.3%Nano-SiO-,
(c) HDTMS+0.6%Nano-Si0O2, (d) HDTMS+2%Nano-SiO:, & (¢) HDTMS+(3.6-4)%Nano-SiOs-.
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Table 3 — shows the WCA Analysis of the varying concentrations of silica nanoparticles along with the nature of their transparency

Sample Type of Coating Water Contact Angle (Degrees) Nature of Hydrophobicity =~ Nature of Transparency
A Original Glass Surface 52 Hydrophilic Satisfactory
B HDTMS+0.3%Nano-SiO- 144 Hydrophobic Good
C HDTMS+0.6%Nano-SiO- 152 Super Hydrophobic Excellent
D HDTMS+2.0%Nano-SiO: 155 Super Hydrophobic Average
E HDTMS+(3.6-4)%Nano-SiO2 155 Super Hydrophobic Below Average

The transparency of the varying silica nanoparticles
with HDTMS has been assessed demonstratively
represented further by figure 9. The test results
represent the HDTMS+0.6%Nano-SiO: being the
most optimum  concentration for achieving
hydrophobicity and transparency at the same time.

Detailed information on the effect of varying the
concentrations of the silica nanoparticles with that of
the HDTMS on hydrophobicity and transparency has
been summarized in Table 3.

The Cassie-Baxter and Wenzel models are
typically used to explain the hydrophobic nature of
the coatings with high roughness. Accordingly, as per
the Wenzel model, water droplets adhere to a rough
surface by following its profile, making it impossible
for them to move over it'’. Water droplets tend to
slide across the surface of samples made of silica
nanoparticles, demonstrating that our experimental
results are better explained by the Cassie-Baxter
hypothesis.

Therefore, the experimental outcome for WCA
(water contact angle analysis) is concluded as
follows:-

The smooth glass surface's water contact angle is
found to be 52 degrees'’. The fraction of air in contact
with water droplets and the fraction of the solid
surface in contact with water droplets are denoted by
f2 and f1 respectively'’; such that

f2+f1=1 (D)
Also, Cassie's equation is mathematically

represented as

CosOA =flcos O —f2 ... (2

In this equation, the apparent contact angle
measured on the substrate surface is denoted by 6a
and the 0 is the WCA (water contact angle) measured
on the smooth surface which comes out to be 52° as
already mentioned, which further indicates that the
surface occupied by air is around 94.68%.With the
help of the average water contact angle which is 152°
the value of fl calculated comes out to be 5.29%,
which further represents that the combination of silica
nanoparticles and HDTMS makes it simple for air to
be trapped and generates a super-hydrophobic surface.
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Fig. 7 — TGA Graph of the original Silica nanoparticles nanofilm

TGA GRAPH OF MODIFIED NANOFILM (SILICA NANOPARTICLES + HDTMS)
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Fig. 8 — TGA Graph of the Modified Hydrophobic (0.6 % Silica
nanoparticles + HDTMS) nanofilm.

As clearly evident in Table 3 the nano-coating with a
water contact angle of 152 degrees demonstrates
excellent superhydrophobicity and at the same time
exhibits excellent transparency and environmental
stability as discussed in detail later in Figures 9, 10,
11(a), and 11(b) respectively while being experimentally
evaluated by coating the sample C on solar cells.

3.5 TGA Analysis
As shown in Figs 7 & &, both nano-SiO. and

HDTMS-nano-SiO- experienced a mass loss in the
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20-150 °C range, with nano-SiO: experiencing a
greater mass loss as compared to HDTMS-nano-SiO:
observed by the thermogravimetric analysis (TGA).
On the nano-SiO- surface, hydroxyl(-OH-) groups
were assumed to be the primary cause of mass loss
when combined with TGA analysis. The mass loss of
nano-Si0. with rising temperature was extremely
modest, and the final mass stayed at around 90%.
However, the HDTMS-nano-SiO: underwent the
second breakdown in the 400-500 °C temperature
range, leading to a significant fall of the sample mass
with only around 65% of the final mass.
This degradation was mostly brought by the long-
chain alkyl disintegration on the sample's surface.
This  demonstrated that CH2(CH2)14CH3
could be effectively ingrafted onto the surface of
HDTMS-nano-SiO:. Hence, results successfully
infer that HDTMS-nano-SiO2 is more stable at
higher temperatures, particularly in the range
of 20-150° Celsius compared to nano-SiO: and hence
will remain stable at higher temperatures in outdoor
environment conditions.

3.6 Demonstration of the assessment of the transparency of
Nano coatings

For applications related to solar arrays, the coatings
should be clear and not interfere with the glass's
clarity and transparency. Further, the light should not
be reflected or bent while traveling through the glass.
The mentioned concept has been successfully
demonstrated by checking the quality of transparency
with the help of various glass slides with varying
amounts of nanosilica. Figure 9 shows the outcomes
of the experiment. Among all coatings, the addition of
HDTMS increases transparency however its
effectiveness is only when the nano-silica percentage
is up to 0.6%. Increasing the concentration of
nanosilica further reduces transparency. It proves that
a specific amount of nano silica combined with
HDTMS is required for surface transparency
(experimentally validated through SEM results).

3.7 Assessment of the hydrophobicity, anti-dust properties,
and outdoor stability of nano-layers

Dust particles can accumulate on the surface due to
prevailing wind, road constructions, transport activities
including automobiles, and industrial activities like
mining, cement, etc. Most dust particles are assembled
and concentrated on the hydrophilic surface where
water drops present on the surface help to adhere a dust
particle on the surface affecting transparency and
power production, especially in the case of solar panels

making the condition worse in the case of the solar
arrays. Hence, the coatings to be used for solar
applications due to exposure to a harsh environment
should exhibit a convincing anti-dust characteristic
where a very low or absolutely no amount of dust is
clearly observable on nanomaterial-coated surfaces as
compared to uncoated surfaces.

In this work, of all the coatings described in
relation to the optimum percentage of nano-silica
which will give the perfect characteristic blend of
optical transparency and hydrophobicity coating
having 0.6% by wt. of nano-silica has been chosen
and has been tested for environmental stability in
relation to its anti-dust property and hydrophobicity
and results show no dust accumulation whatsoever for
the mentioned coatings.

It is well-known that a solar PV panel’s total
efficiency is directly related and proportionate to its
output power'. As a result, the total efficiency
increases as the output power increases.

Further, for the validation of the evaluation 40-day
exhaustive experiment was carried out including a
nano-material-coated solar cell, a solar cell that
was cleaned every day, and a solar cell on which
dust was intentionally allowed to settle down (as
shown in Fig. 11(a)) without any cleaning procedure
to understand the relation between the effect of nano-
material coating on the solar cell and its output power.
As a result, the penetration of photons was reduced,

0.3% by Wt Nano-Silica ?6)% by‘rWt Nano-Silica
S

(a) Original Glass

Fig. 9 — represents the Impact of Transparency after gradually
increasing the concentration of nano silica a) Original glass b), 0.3%
nano-silica concentration, c¢) 0.6% nano-silica concentration, d) 2%
nano-silica concentration, & e) 3.6-4% nano-silica concentration.
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(b) Solar Cell after Nano coating becomes inactive

3

b
i

Fig. 10 — (a) Condition of the solar cell surface with nano-coating on
the first day of environmental exposure with no sign of dust
settlement on its surface, & (b) shows the condition of the solar cell
surface with no nano-coating left on the surface because of the dust
settlement on its surface after 40 days of experimentation.

lowering the overall efficiency of the solar PV cell
further. When compared to the dusty solar cell, the
uncoated solar cell that was physically cleaned
boosted its output power by 10%.

Further in this concern, when the water drop is
poured on the coated glass of the solar cell, it rolls down
very fast courtesy of the hydrophobic characteristic
achieved by the nano-silica modified to HDTMS-nano-
silica confirmed by the WCA test of HDTMS-nano-
silica. Due to this HDTMS-nano-silica coated surface
collects the dust particles effectively whereas, in the
case of uncoated glass, the water drop moves down
slowly and without collecting dust particles. Further, it
was investigated that the water droplets dropped over
the nanomaterial-coated solar cell rolled down
extremely quickly gathering dust particles with them
leading to the efficient performance of solar cell in the
dusty environment of the testing site which is validated
by the fact that output power produced by the
nanomaterial-coated solar cell is way greater than the
average power rating of a solar cell given by the
manufacturer which is around (200-210) mW.

Additionally, the physical cleaning of solar PV
systems is tedious, expensive, and dangerous, and it
may result in rusting of the frame of the panel. Using
the transparent, hydrophobic self-cleaning HDTMS-
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Fig. 11 — (a) shows the (A) nanocoated uncleaned solar cell, (B)
physically cleaned uncoated solar cell, and (C) uncoated
uncleaned dusty solar cell, & (b) shows the average power
generated by them for 40 days installed at the site of
experimentation during (April-May) 2022.

nano-Si0O: coating, on the contrary, boosts the output
power by 16% when compared to the dusty solar cell
which is used as the reference and by 6.5% when
compared to the uncoated manually cleaned solar cell,
as represented in Figure 11.

The solar cell's maximum output power was
measured with respect to the maximum solar radiation
per day. Lastly, on assessing the results, it was found
that out of 40 days of experimental investigation, the
coating remained successfully active and stable for
35 days in the external environment as for 35 straight
days the output of the nano-coated solar cell was well
above the rated average power of the solar cell
provided by the manufacturer. But after 35 days, the
solar cell output starts decreasing, stating that
mentioned nano-coatings can be successfully used for
35 days from their first application.

4 Conclusion

Modified superhydrophobic HDTMS-nano-SiO-
coatings with enhanced transparency and anti-dust
properties for photovoltaic applications have been
synthesized and characterized successfully and
demonstrated experimentally. The synthesis technique
of coatings using the single-step dip-coating approach
discussed in this research work is very facile and
intelligible. It does not require the substrate to be
treated beforehand or afterward and hence can be
fabricated in large quantities on a variety of substrates
without any additional surface modification.
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The nano-coating synthesized using the discussed
technique has strong industrial feasibility and hence
can be a strong and potential alternative to other
conventional nano-coatings to a great extent. The
enhanced properties of the nano-coatings lead to an
increase in the output power of solar PV cells greater
than the rated average power of the cells during the
active period of the nano-coatings.

The most optimized nano coating has been found to
be HDTMS+0.6% nano-SiO:> because of its
exceptional superhydrophobicity, transparency, good
stability on surfaces at high temperatures up to 150°C
with significantly low mass loss, and enhanced
environmental stability and efficiency when tested
after being applied on the surface of the solar cell.
The nanocoatings have been found to be stable for up
to 1 month and 5 days in an external environment and
after that period the coating becomes inactive, which
is observed by the reduction of the solar cell's output
power below the solar cell's average rated power.

Thus, the nano-coatings mentioned in the research
work can be prepared with cost-effective chemicals
hence the nano-coatings produced by the discussed
method prove to be extremely economical and pocket-
friendly for the large-scale sector of solar arrays and
solar farms by reducing the maintenance costs of
cleaning to an impactful and significant level and
hence can increase the overall efficiency of the solar
array significantly and convincingly due to no soiling
effects on solar panels for a considerable period.
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