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A B S T R A C T

Photovoltaic devices are essentially solar collectors that convert incident photons into charge carriers. The 
development of durable self-cleaning coatings that can effectively reduce light reflection is a key challenge in the 
use of photovoltaic devices. In this work, a gradient refractive index coating was designed, that reveals both 
antireflection and superhydrophobic self-cleaning properties. The transmittance of the glass was improved by 
reducing the light reflection at the air/glass interface. By adjusting coating times of the SiO2 film, a refractive 
index gradient interface was optimized. In the range of 300–800 nm, the transmittance of the glass was increased 
by about 2.0 %–4.7 % at the vertical incidence angle, and the maximum transmittance was increased from 91.6 
% to 96.3 %. The self-cleaning experiment of photovoltaic devices verified that the surface could significantly 
improve the power conversion efficiency. The mechanical stability and environmental aging resistance of the 
coating were proved through sand impact, outdoor aging, and chemical corrosion tests. This antireflection and 
self-cleaning coatings technology has broad prospects in the renewable energy sector. Its high light transmittance 
and superhydrophobic properties can significantly improve the power generation efficiency of photovoltaic 
modules in challenging environments like deserts areas. It helps to reduce efficiency losses caused by pollution, 
facilitates effective and sustainable advancements in the photovoltaic industry, and provides essential technical 
support for the global energy structure upgrade.

1. Introduction

With the rapid development of human society, energy shortages pose 
a significant challenge due to rising urbanization and technology de
mands. To sustainably meet future energy needs, researchers must focus 
on renewable energy sources and enhance energy efficiency. Among the 
different renewable energy resources, solar energy is one of the most 
accessible and widely available [1,2]. Extensive research on photovol
taic modules for solar energy utilization has progressed rapidly and 
attracted considerable global attention. Due to long-term outdoor 
exposure, dust and foreign substances in the air have a significant impact 
on the photoelectric conversion efficiency of solar panels [3]. The wet
ting properties of surfaces play an important role in addressing this 
issue. Superhydrophilic and superhydrophobic surfaces demonstrate 
self-cleaning capabilities through water mobility. Superhydrophilic 
surfaces facilitate self-cleaning by allowing water droplets to spread 
across the surface and form a thin film. As these droplets spread, they 

effectively wash away dirt [4,5]. These surfaces are especially advan
tageous in coastal regions, grasslands, and areas with high humidity and 
frequent rainfall. They help address issues related to water accumulation 
from rain or high humidity. However, in low humidity and high dust 
accumulation situations, the self-cleaning effectiveness of super
hydrophilic surfaces will be reduced [6]. Superhydrophobic surfaces 
facilitate self-cleaning by allowing water droplets to roll off their sur
faces. Rolling droplets detach dust particles from the surface, main
taining cleanliness [7]. This property is especially valuable in arid 
regions, where it reduces dust accumulation and sustains high trans
mittance, making such surfaces well suited for photovoltaic modules.

In addition, the antireflection films are an indispensable part of most 
optical and display devices, and have received much attention from 
researchers because they can effectively enhance the light transmittance 
[8]. Antireflection films with high-efficiency have been designed and 
widely applied in anti-fouling [9], optoelectronic materials [10], optical 
devices [11], and photoelectric conversion [12]. Antireflection films can 
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be classified based on their surface morphology into porous films and 
dense films. Which may include both single-layer films [13] and multi- 
layer films [14]. To improve the efficiency of solar cells, single-layer 
films are usually prepared from materials with low refractive indices 
including MgF₂ [15], CaF₂ [16], YF₃ [17], TiO₂ [18], SiO₂ [19], and Al₂O₃ 
[20]. Shen's research group has developed a temperature-controlled 
method based on dodecylamine (DDA) as a catalyst to prepare hydro
phobic monolayer SiO2 nanonets [13]. Due to the excellent hydropho
bicity and chemical inertness of SiO2 nanonets, they can be used to 
improve the durability of perovskite solar cells (PSC). The significant 
improvement in the efficiency of the prepared solar cells proves the 
stability and universality of SiO2 nanogrids.

However, single-layer coatings effectively reduce reflections only 
near specific wavelengths (550 nm) and incidence angles, achieve 
insufficient reduction, and cannot meet complex requirements or handle 
specialized substrates. In recent years, the glass coated with double, 
triple or even more layers of superhydrophobic antireflection coatings 
can achieve higher transmittance over a wider band (380–800 nm). Xu's 
research group utilized ZnO nanoparticles as photoluminescent material 
and SiO2 sol as the antireflective coatings, which was prepared using 
multiple impregnation and lifting methods [21]. Different contents of 
polyethylene glycol (PEG) were added to the ZnO-SiO2 composite sol to 
adjust the refractive index of the ZnO-SiO2 film, which endow ZnO-SiO2 
thin films with antireflection and photoluminescence [22] properties. 
However, the surface durability [23] and autonomous anti-pollution 
[24] ability of multi-layer anti-reflective coatings are relatively weak. 
Therefore, developing materials that integrate both antireflection and 
self-cleaning [25] functionalities has become a critical research topic.

In this work, the superhydrophobic antireflection coatings was pre
pared by depositing multiple layers of composite of SiO2-hydroxypropyl 
cellulose (HPC) through dip-coating method. While conventional 
superhydrophobic surfaces often rely on fluorinated or silane-based 
modifiers to reduce surface energy, the present study achieves super
hydrophobicity primarily through hierarchical surface roughness and 
the inherent surface characteristics of the SiO₂-HPC composite, without 
the use of any fluorinated compounds. This strategy is consistent with 
previously reported structure-driven approaches based on the Cassie- 
Baxter model. Due to the presence of hydrophobic SiO2 nanoparticles, 
the resulting coatings exhibits a micro/nanoscale hierarchical surface 
architecture, which facilitates self-cleaning properties similar to the 
“lotus effect” [24] seen in lotus leaves. Meanwhile, the coatings showed 
an antireflection effect to increase the transmittance of sunlight by 
reducing the light reflection at the air-glass interface. In the spectral 
range of 300–800 nm, the transmittance of the glass was increased by 
about 2.0 %–4.7 % at the vertical incidence angle, and the maximum 
transmittance was increased from 91.6 % to 96.3 %. The self-cleaning 
and antireflective properties of the coatings prepared on photovoltaics 
module can significantly improve power conversion efficiency and help 
maintain the original performance of the device in a complex 
environment.

2. Experimental section

2.1. Experimental materials

Hydrophobic SiO₂ nanoparticles (Powder, average particle size: 
10–15 nm) were obtained from Engineering Research Center for Nano
materials, Henan University. Hydroxypropyl cellulose (HPC, M.W: 
100,000), nitric acid (HNO3), potassium hydroxide (KOH), anhydrous 
ethanol was purchased from innochem (Beijing, China).

Glass slides (microscope slides, size: 25 mm × 76 mm × 1 mm) were 
bought from Beekman (Changde, China). The slides were made of soda- 
lime glass and were ultrasonically cleaned in ethanol and deionized 
water before use.

2.2. Preparation of SiO₂-HPC coatings

An SiO2-HPC antireflection solution was prepared according to the 
following procedure: A fixed amount of SiO2 (0.2 g) was dissolved in 50 
mL of ethanol solution alongside varying masses of HPC (0.05 g, 0.1 g, 
0.2 g, 0.4 g, or 0.6 g). Each mixture was subjected to ultrasonic treat
ment for 1 h. The resulting solutions were labeled as “SiO2-HPC-X", 
where “X” denotes the HPC mass used (e.g., SiO2-HPC-0.05 for 0.05 g 
HPC). Based on this screening, the optimal HPC content was determined 
to be 0.4 g. Subsequently, using this fixed HPC mass (0.4 g), the SiO₂ 
content was varied (0.1 g, 0.2 g, 0.4 g, 0.5 g, and 0.8 g) in separate 
preparations. Conditional screening identified the optimal SiO2 content 
as 0.1 g. To establish the optimal overall formulation, solutions were 
prepared with varying SiO₂: HPC mass ratios. The optimal performance 
was ultimately achieved at a SiO₂: HPC = 1:2.

Commercial glass slides (Lab Shark) were used as substrates. First, 
the bare glass was cleaned via ultrasonic treatment in water and abso
lute ethanol for 30 min followed by drying at 70 ◦C for 24 h. The solution 
was deposited on the clean glass substrate at a lifting rate of 1000 μm/s 
through the dip-coating process. After each impregnation, the coatings 
were dried at 80 ◦C for 1 h. The samples with different impregnation and 
lifting times were named SiO₂-HPC-(1− 10), respectively. Place the pre- 
cured coating in a muffle furnace and heat it at a rate of 5 ◦C/min for 60 
min until it reaches a temperature of 300 ◦C. Keep it at this temperature 
for 1 h and then cool it to room temperature. The coating fabricated 
under the optimal conditions (0.1 g of SiO₂, 0.2 g of HPC, 7 dip-coating 
cycles, calcination at 300 ◦C) was designated as SiO₂-HPC.

2.3. Stability test

The mechanical durability of the prepared coating was evaluated 
through sandpaper wear test; water drop impact test and sand grain 
impact test.

Sandpaper wear test: A weight of 20 g was placed on the coated glass 
sample, which was held firmly against the sandpaper. The sandpaper 
was then moved in a reciprocating motion, with the sandpaper rubbing 
against the coatings. Each wear cycle involved moving the sample 8 cm 
forward and 8 cm backward along a ruler. The water contact angle 
(WCA) of the sample was measured after each wear cycle.

Water droplet test: A total of 1500 mL of water droplets was 
continuously dropped onto the inclined sample surface at an angle of 
approximately 45◦ from a height of 40 cm. The volume of each droplet 
was approximately 120 μL. The WCA of the sample was measured after 
every 300 mL of water was applied.

Sand grain-dropping test: 300 g of sand were dropped from a height 
of 80 cm, and effected surface area of the coatings was tested by 
measuring WCA.

Outdoor aging test: The coated glass substrate was placed in an 
outdoor open space to test their natural environment resilience. The 
experiment was conducted on the rooftop of the College of Chemistry 
and Molecular Sciences at Henan University (from February 15, 2025 to 
March 12, 2025 and from July 31 to August 13, 2025). During the test, 
the transmittance and WCA were measured daily to analyze the dura
bility of the film.

2.4. Application of SiO₂-HPC coatings on PSC

The photocurrent density-voltage characteristics of the PSCs were 
measured using a CHI-760 source measurement unit and a solar simu
lator (Perfect Light Ltd., PLS-SXE 300, China). The light intensity of the 
solar simulator was set to 1000 W⋅m− 2. The devices were measured at a 
scan rate of 24 mV⋅s− 1. The active area of the device was 25 cm2.

Two identical 1.5 W commercial monocrystalline silicon solar 
panels, one with the SiO₂-HPC coatings applied and the other with a bare 
glass surface were placed outdoors, and their voltage and current were 
recorded hourly. The energy output was calculated to evaluate the effect 
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of the coatings.

2.5. Characterization of SiO₂-HPC coatings

The surface morphology of the SiO₂-HPC coatings was observed by 
field emission scanning electron microscope (FESEM, JEOL JSM-7610F, 
Japan), and elemental composition was analyzed by energy dispersive 
X-ray spectroscopy (EDS). The water contact angle (WCA) was measured 
using a contact angle goniometer (Zhongchen, SCI60000E, China), 
where 8 μL of deionized water was dropped on the film surface, and the 
angle was recorded. UV–vis-NIR spectra in the range of 300–800 nm was 
recorded using a spectrophotometer (Agilent, TY2021006984, China). 
The infrared spectra of the coatings were obtained using a Fourier- 
transform infrared spectrometer (FT-IR, TENSOR II, Germany). Dy
namic droplet motion images were recorded using a high-speed camera 
(PHOTRON, PFV-4, Japan). Surface topography was assessed by atomic 
force microscopy (AFM, Oxford Instruments), with a scan area of 5 × 5 
μm. Samples such as dry freestanding pristine Low-Density Polyethylene 
and Self-Assembled Thin film were affixed to the sample stage using 
double-sided carbon tape.

3. Results and discussion

3.1. Structural and chemical analysis of SiO₂-HPC coatings

Fig. 1a illustrates the dual-function SiO₂-HPC coatings on a photo
voltaic glass surface, which achieves enhanced light transmittance and 
helps reduce dust accumulation by virtue of its self-cleaning effect under 
outdoor conditions. Due to the presence of reactive groups and excellent 
adhesion, HPC was selected as the functional layer. The thickness and 
refractive index of the coatings were optimized by adjusting the con
centration of the coating solution, the rate of dipping and lifting, and the 
annealing temperature. This the researchers allows to control the wet
ting and antireflection properties of the coatings effectively. As shown in 
Fig. S1, SiO2 nanoparticles form a uniform layer on the glass surface 
using the dipping method. Moreover, porous SiO2 antireflection coatings 
can be created after removing cellulose through annealing. This is 
confirmed by scanning electron microscopy (SEM) analysis Fig. 1b il
lustrates the uniform distribution of SiO2 nanospheres on the glass 
substrate. The thickness of the silica nanonet and the corresponding 
energy spectrum analysis are shown in Fig. S2-S3. As can be seen from 

Fig. 1. (a) Schematic diagram depicting the antireflection and self-cleaning features of a solar panel. (b) SEM images of the prepared SiO₂-HPC coatings. (c) FT-IR of 
SiO₂-HPC coatings. (d) XPS survey of SiO₂-HPC coatings. High-resolution spectra of (e) C 1 s spectra, (f) Si 2p spectra and (g) O 1s spectra.
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the figure, the uniform arrangement of the coating obtained by dip- 
coating forms a SiO2 nano-network with a certain thickness.

The FT-IR spectrum of the SiO₂-HPC coatings is shown in Fig. 1c. A 
strong and broad absorption band at 1113 cm− 1 corresponds to the 
antisymmetric stretching vibration of Si-O-Si bridges within the silica 
network, where one Si–O bond elongates while the other contracts. 
[26]. The peak at 811 cm− 1 is attributed to the symmetric stretching 
mode of Si–O. A broad band centered at 3496 cm− 1 is associated with 
the O–H stretching vibration of surface hydroxyl groups and adsorbed 
water, typically broadened due to hydrogen bonding. The peak near 
1635 cm− 1 is assigned to the bending vibration of molecular water (H-O- 
H) [22], while the band at 972 cm− 1 is attributed to Si-OH groups 
present on the silica surface, indicating surface hydroxylation. More
over, the XRD analysis indicates that both types of SiO2, before and after 
annealing, exhibit an amorphous structure (as shown in Fig. S4).

The surface chemical properties of SiO2-HPC were further investi
gated using XPS spectroscopy. The full scan XPS spectra for SiO2-HPC 
coatings, as well as the deconvoluted spectra for O 1 s, C 1 s, and Si 2p, 
are shown in Fig. 1d-g, respectively. In the C 1 s spectrum, two broad 
peaks appear at 285.1 eV and 286.2 eV [14], corresponding to the C–C 
bond and the C–O group, respectively (Fig. 1e). The Si 2p spectrum 

displays two broad peaks at 103.8 eV and 103.2 eV (Fig. 1f), which 
correspond to SiO2 and C-SiOx. The O 1 s spectrum (Fig. 1g) shows a 
relatively broad peak, which is associated with the O–Si bond in the 
inorganic phase and the O–C bond in the hydroxyl group (532.8 eV) 
[27]. XPS analysis showed that, after annealing (Fig. S5), the C 1 s signal 
was markedly reduced, indicating removal of organic residues, whereas 
the Si 2p and O 1 s peaks became more prominent and better resolved 
[28]. Such compositional changes are consistent with the formation of a 
uniform and stable SiO₂ network, which may contribute to the observed 
improvements in wetting resistance and optical performance.

3.2. Optical properties of SiO₂-HPC coatings

The visual evidence of antireflection capabilities of coated and un
coated glass is shown in Fig. 2a. The SiO2-HPC coated glass (upper 
panel) shows clear visibility of text in contrast to the obscured text seen 
for uncoated glass (lower panel). The influence of SiO₂ concentration 
and HPC content on the antireflection properties of SiO₂-HPC coatings 
was systematically investigated. As shown in Fig. 2b-e, the trans
mittance of the coated samples demonstrates significantly enhanced 
performance compared to bare glass substrate, confirming the inherent 

Fig. 2. (a) Comparison of antireflection between uncoated glass substrate (bottom) and SiO₂-HPC-coated glass (top). Relationship of transmittance of SiO₂-HPC 
coated glass with varying content of (b) HPC; (c) SiO2; (d) Ratio of SiO2 to HPC; and (e) Annealing temperature. (f) Comparison of transmittance with previ
ous literature.
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antireflection properties of the SiO₂-HPC coatings. Notably, the reflec
tance of the coated glass substrate was markedly reduced compared to 
bare glass substrates, which exhibiting approximately 91.6 % reflec
tance. Fig. 2b indicates that the substrate's transmittance follows a 
parabolic trend based on HPC content, with maximum transmission 
occurring at an HPC concentration of 0.2 g. Fig. 2c and d explore the 
relationship between the mass ratio of SiO2 and HPC, with an optimal 
ratio of 1:2. From the data, it can be concluded that the coatings 
demonstrate the highest transmittance when the mass ratio is main
tained at 1:2.

Furthermore, we investigated the impact of annealing temperature 
on optical performance, finding that samples annealed at 300 ◦C 
demonstrated superior transmittance (Fig. 2e). As illustrated in Fig. S6, 
the transmission spectra of glass substrates coated with different 
numbers of antireflection layers (ranging from 5 to 9 dips) showed a 
progressive enhancement in performance, achieving a peak trans
mittance of 96.3 % at seven coating layers compared to a baseline 
transmittance of 91.6 %. This significant improvement can be attributed 
to the nanoscale porosity within the SiO2-HPC layers, which effectively 
reduces the effective refractive index. A quantitative comparison with 
recent superhydrophobic surfaces (shown in Fig. 2f and Table S1) in
dicates that the UV–visible light transmittance (300–800 nm) of the 
coatings developed in this study exceeds that of previously reported 
antireflection and self-cleaning coatings [22,29–37]. The performance 
enhancement likely results from the synergistic effects within the 
multilayer architecture, which collectively reduces surface reflectance.

The effect of film surface roughness on transmittance exhibits a 
double-edged sword characteristic [38]. When the surface root mean 
square (RMS) is less than 1/10 of the incident wavelength, following the 
Rayleigh scattering criterion [39], surface scattering can be ignored. 
Notably, by constructing a gradient refractive index interface, surface 
roughness can be transformed into an optical advantage. The surface 
micro-nano structure was created by depositing SiO2-HPC onto glass 
substrates and then annealing them. This resulted in a root mean square 
(RMS) roughness of 47.69 nm (Fig. 3a). The rough texture of SiO2-HPC 
can trap air, forming a composite interface that significantly increases 
the apparent WCA (Fig. 3b). Gradient refractive index coatings, which 

were developed through geometric control, can maintain excellent op
tical performance even under complex working conditions.

According to the effective medium theory (EMT) [40,41], the micro- 
nanostructure can be approximated as an equivalent medium film con
sisting of multiple layers with varying refractive indices, and each layer 
exhibited a gradient in refractive index. By introducing buffer layers 
with gradually decreasing refractive indices (ranging from approxi
mately 1.53 to 1.0) at the air/glass interface, a smooth gradient 
refractive index profile can be established, thereby reducing Fresnel 
reflections. As shown in Fig. 3c, porous SiO₂ films were prepared and 
served as antireflection layers. The refractive index was tailored by 
modulating the porosity through the controlled deposition of SiO₂ 
nanoparticles. This relationship is described by the following EMT-based 
equation: 

n2
p =

(
n2

s − 1
)
(1 − p)+ 1 

where np and ns represent the effective refractive index of the porous 
material and the intrinsic refractive index of the solid matrix, respec
tively, and p denotes the porosity. With successive layer-by-layer 
deposition of SiO₂ nanoparticles, surface roughness and effective 
porosity increased due to the buildup of loosely packed hierarchical 
structures. According to EMT [41], the loosely packed hierarchical 
structures provide more voids and increases the air fraction, resulting in 
a gradual decrease of the effective refractive index. The optimized SiO₂ 
film exhibited a refractive index of approximately 1.14 at 550 nm, which 
close to the ideal single-layer antireflection index of 1.23.

To further investigate the antireflection performance of the SiO₂ film, 
the thickness was varied by adjusting the concentration of the SiO2 
mixed solution. Cross-sectional SEM analysis (Fig. S2) revealed that the 
highest transmittance was achieved after annealing at a film thickness of 
23 μm. A comparison was made between the transmittance of the glass 
substrate without the SiO₂ film and with the optimized mesoporous SiO2 
film. Within the spectral range of 300 to 800 nm, the transmittance of 
the substrate was successfully increased by approximately 2.0 % to 4.7 
%. By applying the porous SiO2 antireflection film, the maximum 
transmittance improved from 91.6 % to 96.3 %.

Fig. 3. (a) Atomic force microscope images of bare glass (top) and coated glass. (b) Schematic diagram of the contact Angle on the coatings surface. (c) Principle of 
antireflection coatings.
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3.3. Self-cleaning performance of SiO₂-HPC coatings

The formation of a superhydrophobic surface relies on the rough 
structure created by a dense arrangement of hydrophobic nano-silica 
particles. The resulting SiO₂-HPC coatings exhibit excellent super
hydrophobicity and low adhesion to water droplet. The SEM image of 
the surface (Fig. S7) shows that the coatings are both porous and dense, 
featuring a micro and nanoscale composite rough structure. Fig. 4a 
displays the WCA for coatings with varying SiO₂ content, revealing that 
the coatings do not achieve superhydrophobicity when the SiO2 content 
is extremely low. In addition, WCA were measured for coatings with 
different application times and annealing temperatures (Fig. S8-S9). 
When the coating times were set at 1–2, the WCA indicated that 
superhydrophobicity was not achieved, likely due to the low SiO2 con
tent in the coating layer. However, with coating times of 9–10, hydro
phobicity decreased because of an uneven coating surface. This suggests 
that the structural influence on the WCA of the coatings is quite 
significant.

The annealing temperature has a significant impact on the surface 
structure of coatings. Insufficient annealing temperature may leave re
sidual hydroxyl groups or bound water on the film surface and hinder 
the development of the necessary micro/nanostructure for super
hydrophobicity, resulting in lower WCA (Fig. S9–10). Conversely, if the 
annealing temperature is too high, the silica structure can collapse, 
preventing the formation of a superhydrophobic surface. To develop 
transparent superhydrophobic coatings, it is essential to consider the 
roughness of the coating's surface, control the coating thickness, and use 
low surface energy substances. The remarkable roughness and strong 
hydrophobicity of the SiO2-HPC coatings ultimately lead to the creation 
of effective self-cleaning and anti-reflective coatings. As shown in 

Fig. 4b, when water droplets deposit on the contaminated glass surface, 
they tend to stick to the surface due to strong adhesive interactions 
between the liquid and solid phases. This adherence limits the move
ment of the droplets and hinders their effectiveness in removing surface 
contaminants through rolling of water droplets. However, when water 
droplets fall onto the contaminated surface of glass coated with SiO₂- 
HPC, they roll off while carrying the contaminants with them. Further 
evidence of the low interfacial adhesion force between the SiO2-HPC 
coated glass and the water droplets is provided by high-speed camera 
footage that captures the dynamic and continuous rebound behaviors. 
The droplet bounce process occurs within a span of just 41 ms and is 
illustrated in Fig. 4c. Notably, the water droplets rebound four times on 
the SiO₂-HPC coating within 200 ms before rolling off freely.

Further, conducting quantitative self-cleaning experiments with 
small airborne particles is challenging due to their variability in size and 
composition. To address this, previous studies have employed model 
contaminants such as sea sand (100–300 μm), carbon nanotubes (10 
μm), fly-ash (45 μm), and red clay (25 μm) [42]. In this study, fluores
cent microspheres (size of 38 μm) were selected as representative par
ticles to evaluate the self-cleaning performance of the SiO₂-HPC coating 
under simulated environmental conditions. These microspheres offer 
uniform size, strong fluorescence under UV light, and high visibility, 
especially under low-light conditions. As shown in Fig. 4d, fluorescent 
particles were evenly distributed on both bare and coated glass sub
strates. After xenon lamp illumination on this surface, simulated 
cleaning with deionized water droplets, the uncoated glass substrate 
retained significant particle residue due to stick of water droplets on its 
surface, in contrast the SiO₂-HPC surface showed clean. This enhanced 
self-cleaning performance is attributed to the synergistic effect of 
superhydrophobicity. The high WCA facilitated droplet rolling, 

Fig. 4. (a) WCA of coatings with different SiO₂ content. (b) Self-cleaning performance in multi-sedimentation environments. (c) The bouncing process of water 
droplets captured by high-speed cameras. (d) Self-cleaning performance of small particle pollutants.
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effectively dislodging particles. Moreover, the low surface energy and 
trapped air pockets reduced particle adhesion. These results confirm the 
excellent self-cleaning ability of the SiO₂-HPC coatings and their po
tential for outdoor applications.

3.4. Stability of SiO₂-HPC coatings

Strong adhesion, mechanical robustness and environmental dura
bility are crucial for the application of anti-reflective superhydrophobic 
coatings in outdoor solar panels and architectural glass. SiO₂-HPC- 
coated glass was subjected to outdoor exposure tests that simulate real- 
world aging conditions to evaluate its stability (Fig. S11). The trans
mittance and WCA of the coated glass were periodically measured 
during 42 days outdoor aging test (on days 1–7, 14, 21, 28, 35 and 42). 
As shown in Fig. 5a-b, the coatings maintained excellent optical per
formance, with transmittance at 550 nm remaining stable at approxi
mately 95.8 %. Likewise, the WCA (Fig. S12,13) exhibited minimal 
change, confirming strong resistance to environmental degradation. The 
transmittance at 550 nm declined by less than 1.5 %, and the WCA 
remained above 146◦, indicating that the coatings retained high hy
drophobicity and excellent optical transparency. The slight decrease in 
WCA is may be due to prolonged UV exposure and environmental con
taminants, which may partially degrade the low surface energy com
ponents and slightly damage the hierarchical surface structures of SiO₂- 
HPC coatings. These results confirm that the SiO₂-HPC coatings pos
sesses remarkable environmental durability, and is highly suitable for 
practical outdoor applications. The chemical resistance of the coatings 
was further examined by exposing them to solutions with varying pH 
levels (1,7 and 14) (Fig. 5c-d). The WCA in acidic conditions was slightly 
lower than in neutral water, likely due to partial penetration of the so
lution into the micro/nanostructure or mild protonation of surface 
groups, such as the formation of Si-OH. In alkaline environments, the 
WCA decreased more significantly, possibly due to surface swelling or 
slight corrosion-induced that include changes in roughness. This mod
erate hydrophobicity, even after structural degradation, is likely due to a 
transition from the Cassie-Baxter state to a metastable Cassie-like 
regime, where partial air entrapment contributes to water repellency. 
Notably, the coatings retained their structural integrity without a com
plete loss of functionality. These findings demonstrate that SiO₂-HPC 
coatings exhibit outstanding stability, making it highly suitable for long- 
term outdoor applications.

The mechanical durability of the SiO₂-HPC coatings was evaluated 
using sand impact tests, with WCA and optical transmittance as per
formance indicators (Fig. 5e-f). After exposure to 300 g of sand, the 
coatings maintained a high transmittance at 550 nm (95.6 %) and a 
WCA of 146.66◦, demonstrating strong resistance to mechanical abra
sion. This robustness is attributed to the synergistic effects of hierar
chical micro/nanostructures and strong interfacial interactions both 
within the composite and at the coating substrate interface [38]. The 
measured RMS roughness of 47.69 nm supports a Cassie-Baxter wetting 
state by trapping air pockets, minimizing solid-liquid contact and 
reducing particle adhesion. Condensation reactions between surface 
silanol groups and hydroxyl groups on the glass substrate form stable Si- 
O-Si covalent bonds. This dual mechanism of chemical bonding and 
mechanical interlocking ensures a robust interface [34], effectively 
preventing coatings delamination under mechanical impact and thereby 
validating the claimed mechanical stability. Further durability tests 
were conducted, including exposure to 1500 mL of water (Fig. S14), fifty 
cycles of sandpaper friction (Fig. S15), and images showing various 
pollutants on the coatings (Fig. S16). The coatings resilience against 
sand impact and sandpaper abrasion is attributed to the cohesive 
network formed by HPC and SiO₂ nanoparticles, which dissipates me
chanical energy. This design capitalizes on the mechanical strength of 
SiO₂ and the flexibility of HPC, achieving a balance of optical, me
chanical, and chemical robustness. These findings suggest significant 
potential for enhancing the optical transparency and long-term 

durability of devices such as solar photovoltaic panels and architectural 
glass.

3.5. Device performance evaluation

The parameters of the SiO2-HPC antireflection coatings discussed in 
this paper aim to enhance the power conversion efficiency (PCE) and 
short circuit current density (JSC) of open circuit voltage (OCV) by 
minimizing surface Fresnel losses. We prepared glass with (treated) and 
without (control) SiO2-HPC films for use in solar cells. The power con
version efficiency and internal resistance of solar cells are influenced by 
the size and conductivity of the cells, and larger solar cells may expe
rience decreased PCE due to potential defects.

In this study, we used a smaller size solar cell (5 cm × 5 cm) for 
performance evaluation. The small area device was cut from the same 
larger solar cell to reduce performance variation. Fig. 6a illustrates the 
device's current density-voltage (J-V) curve recorded at 0◦ (vertical 
incidence) under 1000 W⋅m− 2 irradiation. The current density was 
calculated based on the effective area of the device to assess the impact 
of the antireflection film on performance. The statistical photovoltaic 
(PV) parameters of these devices include VOC, JSC, fill factor (FF), and 
PCE (Fig. 6b-d). The average JSC increased from 3.76 mA/cm2 to 4.05 
mA/cm2, marking an increment of 0.23 mA/cm2. The VOC and FF of 
both the control and treated devices were comparable, resulting in an 
average increase in PCE from 4.81 % to 5.21 %. The introduction of SiO₂- 
HPC coatings decreases the substrate's reflectivity and increases its 
transmittance, thereby enhancing both JSC and PCE. To assess the 
practical performance of the SiO₂-HPC coatings, a side-by-side outdoor 
test was conducted using two identical commercial solar panels, with 
one panel bearing the SiO₂-HPC coatings and the other remaining un
coated. Under typical outdoor conditions with high temperatures and 
intense sunlight, the coated panel consistently delivered higher power 
output than the uncoated reference. Outdoor energy output data 
(Fig. 6e) indicate that the SiO₂-HPC coated solar panel exhibited an 
average energy output that was 5.64 % higher than that of the uncoated 
panel. This improvement can be attributed to the coating's self-cleaning 
capability and antireflective properties, which prevents the accumula
tion of dust and reduce light reflection, respectively. These effects 
improve the overall photovoltaic efficiency of the coated solar panel 
under real-world conditions, demonstrating the potential of SiO₂-HPC 
coatings for outdoor applications.

4. Conclusion

In summary, we developed dual-functional coatings through the 
sequential deposition of SiO2-HPC multilayers using a dip-coating 
technique that provide both antireflection and self-cleaning properties. 
The hierarchical micro-nano architecture of the SiO₂ particles creates a 
graded refractive index profile, which enhances surface roughness while 
maintaining optical clarity. The optimized coatings achieve 96.3 % 
transmittance which represents a 4.7 % absolute gain over bare glass 
while exhibiting superhydrophobicity (WCA = 158.55◦). Rigorous 
durability assessments, including water impact, sand abrasion resis
tance, chemical corrosion exposure, and long-term outdoor aging 
demonstrate exceptional mechanical robustness and environmental 
stability. Importantly, the coatings maintain their self-cleaning func
tionality even under sustained harsh conditions. These synergistic 
properties make them suitable for integration with photovoltaic sys
tems, where light-trapping efficiency and contamination resistance are 
crucial. These results demonstrate significant commercial potential for 
SiO₂-HPC coatings in generation solar energy applications.
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