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This study presents a novel nano-silica-HMDS (hexamethyldisilazane) surface coating, synthesized through an efficient 
chemical route, exhibiting anti-reflective, superhydrophobic, and anti-soiling properties suitable for solar panel top covers 
working in dusty environments. The synthesized surface coating enhances optical transmission, mitigating incident light 
reflection and performance loss from soiling. The experiment results show a 5.8% average power improvement in the 
nano-silica-HMDS-coated solar photovoltaic cell compared to a manually cleaned, uncoated solar cell. The cost-effective 
dip-coating method applied to the substrate surface at room temperature offers a practical alternative to costly surface 
coatings. The surface coating exhibits a finely tuned refractive index of 1.14 and 96.1% transmittance for wavelengths 
ranging from 400–800 nm demonstrating exceptional transparency and optical effectiveness. The Field Emission Scanning 
Electron Microscopy (FESEM) and Atomic Force Microscopy (AFM) results show a highly rough HMDS-modified-nano-
silica surface exhibiting anti-soiling and super-hydrophobicity characteristics confirmed by a water contact angle of 156° in 
test results. The synthesized surface coating also showed excellent stability over two months in a dusty environment 
consisting of abundant particulate particles pm 2.5 and pm 10 observed in environmental stability tests conducted over 2.5 
months with the help of an experimental setup. The test results confirm the nano-silica-HMDS (0.3:1) surface coating as the 
most optimum concentration for simultaneously achieving superhydrophobicity, anti-soiling, and antireflection properties. 

Keywords: Coating performance, Enhanced solar efficiency, Multifunctional nano-coatings, Solar cell optimization, 
Surface modification 

Introduction 
The effective harvesting of solar energy has driven 

an ongoing quest for advancements in photovoltaic 
technology. A major challenge hindering the 
efficiency and performance of solar panels is the 
accumulation of dust, dirt, and water droplets on their 
surfaces, which increases the reflection of incident 
light and reduces energy conversion. Consequently, 
minimizing the reflection of incident light and 
mitigating surface soiling is critical to improving the 
performance of solar photovoltaic panels. 

Reflection primarily occurs at the air-glass 
interface, where the transparent substrate’s reflective 
properties influence the overall efficiency of solar 
modules.1–3 To address this, extensive research has 
been conducted on developing anti-reflective coatings 
with optimized Refractive Indices (RI) to minimize 
unwanted reflections.4,5 According to the principles of 
optical interference and the Fresnel equation, the ideal 

refractive index for optical glass is approximately 1.5, 
while for air, it is around 1.0. This suggests that the 
optimal RI for a single-layer anti-reflective coating 
should fall within the range of 1.20 to 1.25.(6) 

Achieving this appropriate refractive index requires 
careful control over the porosity of the coated surface 
to minimize optical losses at the substrate interface.7 
At the same time, maintaining high transparency of 
the substrate is essential, which typically demands 
regular physical cleaning. However, frequent cleaning 
can damage the anti-reflective coating, accelerating 
the loss of transmittance over time.8,9 Moreover, basic 
anti-reflective coatings often fail to meet the 
performance requirements in polluted environments, 
particularly for applications such as solar photovoltaic 
panels, decorative glass, and automobile glass.10,11 

Recent research addresses these challenges by 
exploring the integration of self-cleaning properties into 
anti-reflective coatings. Hydrophobicity, achieved 
through micro-structured or nano-structured surfaces 
combined with low-surface-energy materials, has been 
identified to be a key factor influencing self-cleaning 
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performance.12–14 As a result, the dual functionality of 
anti-reflective and anti-soiling properties has garnered 
considerable attention over the past few decades. 

Initial studies predominantly focused on anti-
reflective coatings to reduce reflection losses, utilizing 
dielectric materials as the primary solution.15–17  
While these efforts provided valuable insights, they 
largely overlooked the incorporation of hydrophobic 
features, which are crucial for addressing soiling issues 
in solar photovoltaic applications. As research 
progressed, the role of environmental conditions on 
solar cell performance became clearer, prompting 
increased interest in hydrophobic coatings to mitigate 
soiling effects.18–21 In recent years, significant 
advancements have been made in developing various 
nanomaterial-based surface coatings that combine 
super-hydrophobic and anti-reflective properties 
suitable for various applications.22–25  

Despite this noteworthy progress, limited attention 
has been given to surface coatings with combined 
properties for application in solar photovoltaic cells. 
Although some notable advances have been achieved 
in anti-reflective coatings and hydrophobic 
treatments, the innovative integration of 
superhydrophobic, anti-reflective, and anti-soiling 
properties into a single nano-coating to enhance solar 
cell efficiency and evaluate their environmental 
performance remains an unresolved research gap. A 
simplistic and comprehensive approach that 
seamlessly integrates these properties with proper 
experimental investigation and real-time 
environmental monitoring and evaluation remains 
absent from the scientific literature. 

In this study, we investigated the stability and 
environmental response of synthesized nano-silica-based 
surface coatings incorporating HMDS and 
diisopropylethylamine. The nano-silica-HMDS (0.3:1) 
was observed as the most optimum surface coating 
based on superior water contact angle and transparency 
test results. It also exhibits exceptional stability when 
applied to the solar photovoltaic cell’s surface confirmed 
by the experimental testing for over 2.5 months, 
successfully demonstrating superhydrophobicity, anti-
soiling, and antireflection properties. Hence, it is suitable 
to be used as a surface coating for solar photovoltaic 
applications installed in dusty environments. 
 

Material and Methods 
 

Materials used 
The research employed finely ground and 

powdered silicon dioxide nanoparticles with typical 

particle sizes of 35–40 nm and a binding silane agent, 
namely, hexamethyldisilazane (HMDS). Other 
reagents, such as di-isopropyl ethyl amine (DIPEA), 
distilled water, and anhydrous ethanol, were used in 
their original configuration without any previous or 
subsequent purification. The step-by-step synthesis 
procedure is depicted in Fig. 1. All substances were of 
the appropriate analytical grade. All materials and 
associated chemicals were purchased from Sigma-
Aldrich Private Limited. 
 
Preparation of the HMDS-Modified Nano-Silica Particles  

Nano-silica and HMDS were synthesized with 
mass ratios of 0.3:1, 0.5:1, 1:1, 1:0.3, and 1:0.5.  
They were thoroughly suspended in 280 mL of 
anhydrous ethanol and ultrasonicated separately  
for 1 h at 80°C. The acquired products were  
then washed and filtered, and the solid portion was set 
up in a vacuum-dry oven at 55℃ for 24 h. Finally, 
nano-silica-HMDS was acquired. 

The reaction of nano-silica (SiO2) with 
hexamethyldisilazane (((CH3)3Si)2NH)) in the 
presence of diisopropylethylamine ((CH3)2CH)2NC2H5 
involves following steps: 
 

Surface Hydroxylation of Nano Silica 
Nano silica (SiO2) typically has surface hydroxyl 

groups (-OH) due to adsorbed water or intrinsic 
surface properties. This can be represented as: 

SiO2 (nano-silica) + H2O → SiO2-OH (silanol groups) 
 
Reaction of Silanol Groups with Hexamethyldisilazane (HMDS) 

Hexamethyldisilazane (HMDS) interacts with  
the nano-silica's surface hydroxyl groups. Ammonia 
(NH3) is released as a byproduct of the process,  
which includes substituting a trimethylsilyl group  
(-Si(CH3)3) for the hydroxyl group. The reaction 
taking place can be systematically represented as 

 
 
Fig. 1 ― Schematic representation of the sequential preparation of
modified anti-reflective and anti-soiling nano-silica-HMDS coatings 
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follows: SiO2-OH → SiO2-O-Si(CH3)3 + NH3 + 
((CH3)3Si)2NH 
 
Function of Diisopropylethylamine (DIPEA) 

Di-isopropyl-ethylamine (DIPEA) specifically acts 
as a strong base, facilitating deprotonation of 
hydroxyl groups (Si-OH) on the nano-silica surface. 
This deprotonation generates a nucleophilic species 
that reacts efficiently with hexamethyldisilazane 
(HMDS), enabling the grafting of hydrophobic 
Trimethylsilyl (-Si(CH3)3) groups onto the silica 
surface. Without DIPEA, the reaction would proceed 
less efficiently, potentially leaving residual hydroxyl 
groups that reduce the hydrophobicity of the coating. 
The presence of DIPEA also stabilizes the 
intermediate species and prevents undesired side 
reactions, ensuring uniform surface modification.  
 
Formation of Modified Silica Surface 

Trimethylsilyl groups are deposited on the surface 
of the silica nanoparticles because of the following 
reaction: 

SiO2 (nano-silica) + ((CH3)3Si) 2NH → SiO2-O-
Si(CH3)3 (trimethylsilyl silica) + NH3 

The overall reaction can be represented as follows: 

SiO2 + 2 ((CH3)3Si) 2NH → SiO2 (O-Si(CH3)3)2 + 2 
NH3 

In the above equation, SiO2 (O-Si(CH3)3)2 
represents the nano-silica surface fully modified with 
trimethylsilyl groups. 
 

Preparation of Dual-Functional Coatings 
Glass slides 75 mm × 26 mm with 1 mm thickness 

without any pre-treatment procedures were used as a 
substrate for creating a dual-functioning coating 

cleaned using ethanol absolute as well as deionized 
water. The anti-reflection coating was prepared by 
depositing a modified nano-silica solution onto the 
glass substrate using dip-coating. The dip-coating 
method was chosen specifically because it is well-
known for its cost-effectiveness due to its simple 
setup, minimal material waste, and scalability, making 
it a viable alternative to high-vacuum-based 
deposition techniques such as Physical Vapor 
Deposition (PVD) and Chemical Vapor Deposition 
(CVD), which require expensive equipment, 
controlled environments, and extensive energy 
consumption. Furthermore, unlike spray-coating, dip-
coating offers better coating homogeneity and 
thickness control, decreasing material loss and 
assuring repeatability. The resulting coating is highly 
durable due to its strong adherence and consistent 
surface covering, making it excellent for long-term 
solar photovoltaic applications.26,27 Following 
satisfactory coating, the slides were oven-dried for 3 h 
at 250°. The preparation of the dual functional coating 
followed a systematic chemical procedure involving 
all the mentioned chemicals.  

The mechanism of the chemical reactions involved in 
the synthesis of HMDS-modified nano-silica surface 
coatings has been illustrated in Fig. 2. The figure shows 
that the diisopropylethylamine used in the preparation 
procedure acts as a strong base that detaches the H⁺ from 
the hydroxyl group’s silicate part, creating a strong 
nucleophilic species that the HMDS can readily attack. 
Finally, the activated nucleophilic species on the silica 
surface leads to the sophisticated attachment of the 
HMDS, producing the desired anti-reflective and  
anti-soiling properties of the synthesized coatings. 

 
 

Fig. 2 ― Schematic layout illustrating the molecular mechanism in creating the modified hydrophobic nano-silica coating 
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Characterization 
A D/max 2200 PC diffractometer was used to 

observe X-ray diffraction (XRD). High-resolution 
Field Emission Scanning Electron Microscopy 
(FESEM) (ZEISS, 10 kV) was performed to depict 
the detailed characteristics of the surface morphology 
concerning the prepared coatings. The Water Contact 
Angles (WCA) were measured using the CA100A 
equipment, and a controlled 5 µL droplet size of 
deionized water was used for testing. Fourier 
Transform Infrared (FTIR) spectroscopy was  
used to identify the chemistry of the chemical 
compounds on the surface. Spectrum capture was 
performed in the 400–4000 cm−1 frequency band.  
The transmittance spectrum of the dual-functional 
coating was measured using a Cary 100 UV/vis 
spectrophotometer with a wavelength range of 200–
800 nm. A variable angle spectral ellipsometer was 
used to measure the coating thickness and refractive 
index. 
 
Experimental Setup 

To investigate the environmental impact of dusty 
particulates on the operational effectiveness of solar 
photovoltaic cells, the operational efficiency of 
uncoated and coated cells was experimentally 
investigated under dusty conditions. The research was 
conducted at the Government Engineering College 
Jabalpur in the Applied Physics Laboratory (23.2012° N, 
80.0012° E, Madhya Pradesh). The PV cells were 
erected on the laboratory’s rooftop following the 
site’s latitude to ensure maximum energy production 
during the testing period. Data measurements were 
collected for 77 days between April 1 and June 16, 
2023. Two similar solar photovoltaic cells were 
utilized. The solar photovoltaic cell shown in  
Fig. 3(b) consisted of anti-reflective, anti-soiling, and 
super-hydrophobic nano-silica-HMDS coating with a 

0.3:1 concentration ratio, regarded as the ideal 
concentration ratio. It was deemed to be a self-
cleaning photovoltaic cell. The solar photovoltaic cell 
shown in Fig. 3(a) had no coating and was manually 
dusted and cleansed daily. Throughout each day for 
77 days, the output power of the solar photovoltaic 
cells was measured and analyzed. The field study 
apparatus is represented in Fig. 3. 
 
Results and Discussion 
 

XRD Study 
Wave radiation in the 2θ range from 10° to 80° 

was used for testing the samples. The Braggs 
reflections measured by the X-ray diffraction spectra 
for HMDS base-catalyzed silica nanoparticles 
between the radiation intensity in angstrom units and 
2θ angles in degrees (°) are depicted in Fig. 4 . A 
large peak is obtained at a 2θ angle of 23°, showing 
the presence of silica nanoparticles. The observed 
sharp peak at 23° in the XRD pattern of the produced 
nano-coating consisting of silica nanoparticles and 
HMDS illustrates that the silica involved is 
amorphous and represents silica (SiO2). The 
amorphous structure ensures a uniform, isotropic 
surface, minimizing light scattering.28 The 
substantially broader diffraction peaks suggest that 
the synthesized finely powdered particles were 
nanosized. The peaks show the purity of the silica 
nanoparticles. Bragg’s reflections convincingly 
demonstrated the absence of lattice plane sets with 
the revelation of small crystallite sizes of the silica 
nanoparticles generated in our present synthesis, 
revealing their amorphous nature.28 

 
 
Fig. 3 ― Image of the field study apparatus during measurement
activity: (a) uncoated solar cell with manual cleaning, (b) self-
cleaning solar cell coated with Nano-Silica & HMDS coating in
(0.3:1) 

 
 
Fig. 4 ― X-ray diffraction pattern of an anti-reflective coating
consisting of Nano-Silica-HMDS 
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FTIR Study 
Fourier Transform Infrared Spectroscopy (FTIR) 

was conducted to understand the chemical nature of 
the fabricated nano-coating. The FTIR spectrum of the 
produced surface coating is shown in Fig. 5.  
The spectrum was analyzed for a frequency range  
of 400 to 4000 cm−1. As evident in the Nano-silica-
HMDS FTIR spectrum is shown in Fig. 5, the 
broadband and a sharp peak near 3436 cm−1 can be 
observed. This corresponds to the remaining  
absorbed water and the O-H (hydroxyl) group 
stretching, owing to the partial condensation of the  
Si-OH (silanol) group. 

The strength of the absorption peak diminishes as 
the quantity of HMDS involved with the 
modification increases, indicating that the O-H 
(hydroxyl) groups on the surface of the nano-silica are 
replaced by hydrophobic trimethyl silyl (-Si(CH3)3) 
groups leading to successful chemical modification of 
nano-silica by hexamethyldisilazane (HMDS).29 
Furthermore, Nano-silica-HMDS exhibits absorptance 
maxima around 1127 cm−1 representing Si-O-Si 
stretching vibrations, 1389 cm−1 representing O-H 
bond bending, 1631 cm−1 representing N-H Bending, 
an absorbance band from 2860 cm to 2931 cm−1 
represents C-H bond stretching vibrations, and finally, 
3436 cm−1 represents O-H bond and N-H bond 
stretching vibrations. Additionally, an absorption 
band arises at 587 cm−1, corresponding to the 

distinctive Si-C stretching vibrations observed in 
nano-silica samples modified by HMDS. Finally, the 
FTIR maxima correlated with the C-H (hydrocarbon) 
group stretching vibration, associated with HMDS, 
suggests that the HMDS has been chemically bonded 
to the nano-silica surface. 
 

WCA Study 
The Cassie-Baxter and Wenzel models have been 

typically used to describe the hydrophobic attributes 
of high-roughness coatings. As a result, according to 
the Wenzel model, water droplets attach to a rough 
surface by following its profile, rendering movement 
over it impossible. Water droplets tended to glide 
across the surface of silica nanoparticle samples, 
showing that the Cassie-Baxter theory suitably 
justified the attained experimental data.30 Hence, the 
experimental result for Water Contact Angle (WCA) 
analysis is represented by the following mathematical 
equation: ଶ݂ + ଵ݂ = 1  … (1) 

In the above mathematical equation, the proportion 
of air particles in contact with globules of water 
particles is defined by f2, and a portion of the solid 
surface in contact with globules of water particles is 
represented by f1. 

Further, the mathematical representation of Cassie's 
equation can be shown as follows : ߠ஺ = ଵሺିݏ݋ܿ ଵ݂ ݏ݋ܿ ߠ − ଶ݂ሻ  … (2) 

In the above equation, the notations f1 and f2 have 
the same meaning as mentioned below the Eq. (1), 
whereas the apparent contact angle recorded  
on the unmodified nano-silica substrate surface is 
represented by ܣߠ. The water contact angle on a 
smooth glass surface is represented by θ in  
Eq. (2), yielding a value of 29.5°. With the average 
water contact angle of 156° for constituent A shown 
in Table 1 (considered to be the best composition, 
which is nano-silica: HMDS in 0.3:1), the computed 
value of f1 is 5.81%, indicating that the surface held 
by air is approximately 95%. This further indicates 
that the combination of silica nanoparticles with 
HMDS makes it easy for air to be entrapped, forming 

 
 
Fig. 5 ― FTIR spectra of the prepared anti-reflection and
anti-soiling coatings 

Table 1 ― shows WCA analysis concerning silica nanoparticles + HMDS and their varying transparency with different concentration ratios 

Constituent Nano-Silica-HMDS ratio Water contact angle (degrees) Nature of hydrophobicity Nature of transparency 
A 0.3:1 156 Super Hydrophobic Excellent 
B 0.5 :1 147 Hydrophobic Very Good 
C 1:1 134 Hydrophobic Good 
D 1:0.5 121 Hydrophobic Satisfactory 
E 1:0.3 110 Hydrophobic Satisfactory 
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a surface with superhydrophobicity traits. The 
detailed information on the effect of varying the 
concentrations of the silica nanoparticles with that of 
the HMDS is provided in Table 1. 

The water contact angle analysis of the varying 
concentrations of silica nanoparticles to the HMDS 
viz. 0.3: 1, 0.5 :1, 1: 1, 1: 0.5, and 1: 0.3 concerning the 
original glass surface were performed and were 
respectively analyzed along with the nature of their 
hydrophobicity shown in Fig. 6. 

The transparency of the varying silica nanoparticles 
with HMDS has been assessed demonstratively, as 
shown in Fig. 7. In general, transparency and 
superhydrophobicity are mutually contradictory 
because an increase in superhydrophobicity resulting 
from the surface roughness might result in reduced 
transparency. An increase in silica concentration 
above a specific limit can result in increased 
hydrophobicity but reduced transparency.31 Hence, 
the appropriate concentration of nano-silica is one of 
the most significant and crucial variables in 
fabricating transparent superhydrophobic coatings. 

Considering the above observations, the test  
results represent the Nano-Silica-HMDS, with (0.3:1) 
being the optimum concentration for achieving 
hydrophobicity, anti-soiling, and anti-reflection 
properties simultaneously. 
 
Optical Transmission Studies 

The average transmissivities of uncoated glass, 
Nano-Silica coating, and Nano-Silica-HMDS  
coating are shown in the optical transmittance 
spectra (Fig. 8(a)), with values of 93.2%, 95.2%,  
and 96.1%, respectively. Because superhydrophilic 
SiO2 and airborne water molecules are adsorbed on 
nano-silica-HMDS, its average transmissivity was 
superior to that of nano-silica coating. The 
superhydrophilic surface became superhydrophobic 
upon the introduction of -CH3, and the refractive 
index was lowered by air rather than water. Due to the 
additional reflection of incoming light, the mean 
transmittance of nano-silica-HMDS rose by around 
3.1% when compared to that of uncoated glass and 

 
 
Fig. 6 ― WCA analysis of the prepared anti-reflection and anti-
soiling coatings 

 
 
Fig. 8 ― Comparison of Uncoated Glass, Nano-Silica coating, and Nano-Silica-HMDS coating: (a) Transmittance spectra, (b) Reflectivity 
Spectra (c) Refractive index 
 

 
 
Fig. 7 ― Transparency effects with the variation of silica
concentration along with HMDS for the following
nano-silica- HMDS coatings in ratios: (a) 0.3:1; (b) 0.5:1; 
(c) 1:1; (d) 1:0.5; and (e) 1:0.3 
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around 1.1% when compared to nano-silica alone. 
The diffuse reflectivity curves of uncoated glass, 
nano-silica coating, and nano-Silica-HMDS coating  
(Fig. 8(b)) showed that the coating had an anti-
reflection property and that the nano-Silica-HMDS 
coating possessed a lower reflection index as 
compared to the nano-silica coating and uncoated 
glass (Fig. 8(c)). Both the optical spectra 
(transmittance and refractive index) and reflectance 
spectra produced consistent results. 
 
Surface Morphology Study 

The nano-structural and morphological 
characteristics of the fabricated anti-reflective and 
anti-soiling coatings are shown in Fig. 9. Studies have 
shown that anti-reflection and anti-soiling coatings 
have a permeable and transparent form resulting from 
nano-silica assemblage. The generated surfaces (as 
evident from the FESEM images of Fig. 9a and 9b) 
are the result of an alkali-catalyzed hydrolysis  
and condensation process, which produces  
nano-nuclei. The reactive agents proceed to gather 
and develop on the reacting surface's external  
layers, forming nano-sized particles progressively.32–34 
The surface produced is homogeneous because the 
hexamethyldisilazane reacts alongside the O-H group 
on the nano-silica surface to fill the voids, so the 
prepared nano-coating has an improved surface finish 
and optimal transmittance (Fig. 9b).  

In addition, introducing di-isopropyl ethyl amine is 
beneficial to transparency, and introducing 

hexamethyldisilazane is beneficial to hydrophobic 
properties. The nano-silica and nano-silica-HMDS 
coatings FESEM results (represented in Fig. 9(a) and 
9(b)) revealed that they were made of aggregated 
nanoparticles ranging in size from 30 to 50 nm and 
were widely distributed with many nanopores within. 
The size of the particles remained unchanged after  
the addition of HMDS suggesting that the 
hexamethyldisilazane primarily interacted with the 
particle surfaces without affecting their overall 
structural integrity. The root mean square roughness 
of the nano-silica and the nano-silica-HMDS coatings 
as obtained from the images of the AFM analysis,  
(as shown in Fig. 9(c) and 9(d)) was 4.38 nm and 
10.89 nm respectively. High transmittance was 
anticipated despite the coated surface being roughened 
with HMDS treatment since the root mean square 
roughness value obtained was less than 100 nm. 

HMDS accumulates in external layers on the  
anti-reflective nano-coating surface to pack the voids 
while reducing the coating’s surface coarseness, which 
is compatible with the preceding rationale. Hence, an 
effective anti-reflective and superhydrophobic coating 
can be fabricated by filling the permeable matrix with 
the grafted hexamethyldisilazane and adding di-iso 
propyl ethyl amine. 
 
Assessment of the Stability of Coatings 

Erosion due to weather effects gradually depletes 
the surface of the coatings, reducing their life. Hence, 
assessment of the life of the coatings is essential. The 

 
 
Fig. 9 ― FESEM image of (a) Nano-silica coating and (b) Nano-silica-HMDS coating, (c) AFM Image of Nano-silica coating and 
(d) Nano-silica-HMDS coating 
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stability of the coatings is an essential characteristic 
as it ensures an enduring and cost-efficient coating. 

Furthermore, good stability eliminates the 
requirement for frequent coating application. The 
coating with a Nano-Silica & HMDS ratio of  
0.3 :1 was selected to assess weather erosion and 
stability because of its excellent superhydrophobicity 
and transparency attributes compared with other 
ratios. The coating was tested in an open environment 
for 2.5 months from April to mid-June 2023, and the 
coated surface was found to be stable for 
approximately two months. 

The anti-reflection and anti-soiling effect of  
the superhydrophobic nanomaterial coating were 
demonstrated by measuring the output power of the 
two solar cells during the day. By permitting typical 
atmospheric dust to accumulate on the top layer of 
solar cells, the anti-reflection and anti-soiling impact 
of the nano-silica-HMDS coating were examined.  

The prevalent particulate matter (including dust 
particles) size analysis data observed in the region of 
the experimental setup taken from the Madhya Pradesh 
Pollution Control Board (Jabalpur Air Quality Index 
platform) is shown in Table 2. An experimental  
setup of uncoated and coated solar cells was tested  
in an open environment to test the anti-soiling  

effect when exposed naturally to the prevalent 
samples of dust particles of different sizes, as 
mentioned in Table 2. The average distribution  
of the prevalent pm 2.5 and pm 10 in the local 
atmosphere of the experimental setup is shown in  
Fig. 10 (a) and 10 (b). 

The average particle size based on the anti-soiling 
principle is ∼10 µm shown in Fig. 11. The addition of 
hexamethyldisilazane causes the nano-silica to make 
less contact with the particle surface, resulting in a 

 
 
Fig. 10 ― Images of the dominant: (a) pm 2.5 and (b) pm 10, in the local atmosphere of the experimental setup during the testing period;
The -axis shows particulate matter concentrations in µg/m3 and the X-axis shows the time in days 

Table 2 ― Particle size analysis of particulate matter  
(including dust) at the experimental site 

S no. Sample Average Size (µm) 
1 PM 2.5 1–2.5 
2 PM 10 2.5–10 

 

 
 

Fig. 11 ― Anti-soiling phenomenon of the prepared coating 
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fractal structure. Also, the charged particles escape 
the antistatic dust and do not gather on the surface.35,36 
Furthermore, in an open environment, the enhanced 
output power related to the coated solar photovoltaic 
cell compared to the uncoated solar photovoltaic cell 
exposed to particulate matter, including dust particles, 
proves that the coating successfully achieved the anti-
soiling characteristics. 

The output power of the two solar cells considering 
the regional atmospheric temperature and sun 
irradiance was measured every day for 77 days. 
Finally, the daily mean values were determined. 

According to the results of this experiment, the 
application of nano-silica-HMDS superhydrophobic 
anti-reflective coating would boost the output power 
and overall efficiency of the photovoltaic cells (as 
depicted and shown in Fig. 12). This is the 
consequence of the capacity of the solar cell’s coating 
to clear dust with no additional effort. The nano-
silica-HMDS nanomaterial coating’s antistatic effect 
leads to the spreading away of the globules of water, 
resulting in a minute film with low photon 
obstruction. The small water droplets combine and 
readily flow down the panel’s surface (Fig. 3 and Fig. 
6). The progression of water droplets on the top 
surface will cause dust particles to descend, as 
opposed to the uncoated solar cell, which might 
generate a coating of muck on the cell’s top 
surface.37,38 Hence, upon nano-coating of the surface, 
the self-cleaning process improves, increasing the 

total efficiency of the nano-silica-HMDS-coated solar 
photovoltaic cell. The study also discovered that the 
anti-reflection effect of nano-silica-HMDS 
nanocoating improves the overall output power 
performance of the solar cell (Fig. 9 and Fig. 12), by 
additionally having the ability to reduce the 
temperature of the solar cell due to less resistance 
offered to photons35,36, which is approximately 5.8% 
higher in comparison to the physically cleansed 
uncoated solar cell at peak sun radiation each day.  
 
Conclusions 

In summary, dual-functional nano-silica-HMDS 
coatings with anti-reflective and anti-soiling 
properties were developed using an efficient and cost-
effective dip-coating method. The XRD and FTIR 
tests validate the amorphous nature and successful 
nano-silica surface modification by HMDS. The 
optimal coating nano-silica to HMDS in 0.3:1 reached 
a WCA of 156°, exhibiting superhydrophobicity. It 
demonstrated excellent surface finish and optical 
clarity owing to HMDS reaction with O-H groups on 
nano-silica, filling tiny voids confirmed by 
transparency tests and AFM roughness measurements 
below 100 nm. It showed a remarkable transmissivity 
of 96.1%, improving 3.1% compared to uncoated 
glass and 1.1% to nano-silica. The optimal coating 
remained stable over 2.5 months in dusty and regional 
atmospheric conditions, improving coated solar cell 
efficiency by 5.8% compared to uncoated cells. These 

 
 
Fig.12 ― The average power produced by the two solar cells; A coated solar cell is a self-cleaning solar cell with an HMDS-modified 
nano-silica surface coating, A cleaned Solar cell is a manually cleaned solar cell with no surface coating 
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coatings suit solar panels, optical screens, windows, 
and architectural glass, particularly in dusty and 
tropical environments. Future studies could use 
machine learning models to predict coating durability, 
enabling faster optimization and reducing long-term 
testing requirements. 
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