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A B S T R A C T   

Perovskite nanocrystals (PNCs) have found extensive utility across diverse technological applications in opto
electronics; nevertheless, their susceptibility to environmental instability poses a significant constraint on their 
practicality. Within this investigation, we present a novel and facile approach for the development of highly 
stable superhydrophobic PNCs. These engineered superhydrophobic perovskite nanocrystal composites, referred 
to as HSNPs@PNCs, demonstrate remarkable optoelectronic attributes, provided that their inherent instability 
can be effectively mitigated. HSNPs@PNCs manifest an impressive water contact angle of 172◦ and an 
exceedingly low sliding angle of 1◦, thus showcasing their exceptional superhydrophobicity. Of particular note is 
the extraordinary stability exhibited by HSNPs@PNCs despite aqueous environments, thermal fluctuations, and 
UV exposure. Remarkably, even after a prolonged 30-day immersion in water, this nanocomposite maintains an 
outstanding emission efficiency of 75 %. Furthermore, the method of application through a spray deposition 
technique circumvents sample size limitations, thereby amplifying their suitability for industrial applications. 
Moreover, this study extends the practicality of HSNPs@PNCs by enabling their homogeneous coating onto 
various surfaces such as glass, fabric, and aluminum, yielding luminescent superhydrophobic surfaces. This 
approach liberates the substrates from constraints, significantly broadening the potential spectrum of applica
tions for these materials within diverse industrial and technological domains.   

1. Introduction 

Perovskite nanocrystals (PNCs) have drawn significant attention due 
to outstanding properties such as narrow spectral bandwidth, high 
quantum yield (QY) and easily tunable emissions, high color purity, and 
low-cost processing techniques [1,2]. Recently, because of this unique 
properties, PNCs have been used in applications such as light-emitting 
diodes, White-light-emitting diodes, lasers, solar cells, fuel cells, water 
electrolysis, renewable energy, photodetectors, bioimaging [3–13]. 
However, practical applications are hindered by the poor stability of 
PNCs. Due to their ionic properties and low surface energies [14], PNCs 
are very sensitive under environmental conditions (temperature, hu
midity, light, oxygen) and lose their fluorescent properties under 
extreme conditions [14–18]. 

To overcome the instability of PNCs, researchers have studied a va
riety of approaches, such as using water resistant ligands, surface 

passivation, core-shell structure, encapsulation polymers, and inorganic 
compounds [19–29]. Most inorganic materials have straightforward 
stability, super mechanical properties, and excellent thermal stability 
than most organic materials [30,31]. Thus, some particular inorganic 
materials, such as Al2O3, CaF2, TiO2, SiO2, and zeolites have been 
commonly used to enhance the stability of PNCs [32–35]. For example, 
Wei et al. increased the stability of PNCs against extreme conditions by 
encapsulating the PNCs with CaF2

34.Wang et al. integrated PNCs into 
porous silica for superior performance in thermal and optical environ
ments [36]. However, oxygen and moisture can penetrate the PNCs in 
the porous structure of the silica [36] . SiO2 based coatings have been 
widely used to show the superior stability of PNCs against water [37]. 
Hu et al. improved the water and thermal stability of PNCs using 
anhydrous silica spheres [38]. Although there are various works in the 
literature on the stability of perovskites in different conditions, here we 
present the development of perovskite nanocrystals in their 
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superhydrophobic composites form and report a comprehensive study 
on their stability, with an extensive focus through thermal, water, 
storage and UV exposure. 

An attractive route to improve the water stability of PNCs involves 
the exploitation of superhydrophobic coatings. These coatings exhibit 
water contact angles higher than 150◦ and roll off angles less than 10◦

Superhydrophobic surfaces are formed by combining hierarchical 
structures with low surface energy chemicals on the same platform 
[39–42]. The strategy in topographic structures modified with low 
surface energy molecules is known as the Cassie state. In this state, the 
air trapped between the structures keeps the water on its surface, 
providing low sliding angles, and ensuring that the surface does not get 
wet [43,44]. The ability to repel water enables the fabrication of 
self-cleaning [45], anti-fouling [46], anti-corrosion [47], and anti-icing 
surfaces [48], and found applications that range from biomedical [49] to 
food-packaging applications [50]. 

To improve the stability of PNCs, surface properties have been 
enhanced with organic ligands and hydrophobic matrices in an in-situ 
approach [16,51,52]. Wang et al. showed that using phase separation, 
they realized highly shiny PNC-polymer composites with super
hydrophobic micro/nanostructured surfaces. These composites have a 
contact angle of 152◦[53]. You et al. showed that PNCs are protected 
from water degeneration by encapsulating PNCs with superhydrophobic 
aerogels with a contact angle of 160◦54. Hsieh et al. have developed 
composite materials with water resistance and thermal stability [14]. 
The QY of the composite reduced to 50 % of the initial value after 14 
days. Chen et al. synthesized the CsPbBr3wrapped with SiO2 aerogels 
[17] . This composite provided protection against 40 min of ultrasonic 
treatment in water and exhibited thermal and light stability. The water 
contact angle was not very high, which is an indication of insufficient 
stability against water. In addition, a photoluminescence retention 
above 90 % could not be achieved when heated at temperatures ≥70 ◦C. 

In this study, we present a versatile and simple approach to prepare 
superhydrophobic PNCs with very high contact angles. PNCs and 
alkylsilane modified hydrophobic silica nanoparticles (HSNPs) were 
prepared separately and then mixed to generate HSNPs@PNCs. This 
approach was chosen to benefit from the optimized synthesis of both 
HSNPs and PNCs without degrading their wetting and photophysical 
properties, respectively. The resulting composite materials have been 
applied on various surfaces through spray deposition technique that 
eludes sample size limitations, thereby amplifying their suitability for 
industrial applications. Compared to bare PNCs, HSNPs@PNCs dis
played superior performance in terms of waterproofing after 30 days of 
ultrasonic mixing, maintaining its efficiency above 75 %. In addition, 
thanks to the water-repellent (CA~172◦) feature of superhydrophobic 
HSNPs@PNCs films, water droplets can splash out and surface con
taminants can be removed with its self-cleaning feature. In thermal 
stability, it has preserved over 90 % of its initial efficiency at a high 
temperature value of 70 ◦C. For this reason, the reported strategy offers 
great opportunities for future studies of optoelectronic devices due to its 
easy, scalable, cost-effective, and long-term stability to produce highly 
stable superhydrophobic luminescent films. 

2. Experimental section 

2.1. Materials 

Cesium carbonate (Cs2CO3; 99.9 %), lead (II) bromide (PbBr2; 99 
%), lead(II), Iodide (PbI2; 90 %), Lead(II) Chloride (PbCl2; 90 %), SiO2 
nanoparticles (11 nm), 1-Octadecene (ODE; 90 %), Oleic acid (OA; 90 
%), Oleylamine (OAm; 90 %), hexane (90 %) and acetone (90 %) were 
purchased from Sigma-Aldrich. Ethyl acetate (99.5 %) and dodecyltri
chlorosilane were purchased from Aladdin and Gelest, respectively. 

2.2. Preparation of cesium oleate (Cs-OA) precursor 

ODE (20 mL), Cs2CO3 (0.4 g), and OA (1.55 mL) were mixed in a 
three-neck flask under vacuum at 120 ◦C for 60 min. The temperature of 
the solution was raised to 150 ◦C and kept at this temperature until all 
Cs2CO3 was completely dissolved in the ODE. The Cs-oleate precursor 
solution was stored in a glovebox, after cooling to room temperature. 

2.3. Synthesis of PNCs 

0.188 mmol of PbBr2 and 5 mL of ODE were mixed in a 25 mL flask 
and kept under vacuum at room temperature for 30 min, then stirred at 
120 ◦C under an atmosphere of argon gas. 0.5 mL of OAm and 0.5 mL of 
OA were added to the solution and incubated at 120 ◦C for 10 min. Next, 
the temperature of the solution was raised to 180 ◦C and 0.4 mL of Cs- 
oleate was quickly injected into the solution, then cooled to room 
temperature within 5 s. 

To purify the as-synthesized material, the mixture was added to a 50 
mL centrifuge tube and centrifuged at 5000 rpm for 3 min and the su
pernatant was discarded. 300 µL of hexane was added to precipitate and 
the PNCs were dispersed. Next, the solution was centrifuged again at 
5000 rpm for 3 min and the supernatant was removed and finally 300 µL 
of hexane, 25 µL of OA and 25 µL of OAm and 600 µL of acetone were 
added. The mixture was centrifuged at 5000 rpm for 3 min and the su
pernatant was discarded and the PNCs were dissolved in fresh hexane. 

Blue- and red-emitting PNCs were also synthesized via the exact 
same synthesis steps. Mixtures of PbBr2− PbCl2 (0.094 mmol of PbBr2 +

0.094 mmol of PbCl2) and PbBr2− PbI2 (0.075 mmol of PbBr2 + 0.113 
mmol of PbI2) were used for blue and red emitting PNCs, respectively. 

2.4. Functionalization of silica nanoparticles 

2 g of hydrophilic silica nanoparticles were added to 40 mL of 
toluene and mixed with a magnetic stirrer. After homogeneous mixing, 1 
mL of dodecyltrichlorosilane was added slowly into silica nanoparticles 
dispersed in toluene and stirred for 3 h. HSNPs were separated from the 
solvent by centrifugation at 4000 rpm for 15 min and drying at 80 ◦C for 
12 h. 

2.5. Preparation of HSNPs@PNCs 

The prepared PNCs solution (2 mL) was added to a flask containing 
0.2 g of HSNPs and stirred in hexane for 2 h and then nanocomposite 
powder was obtained by drying in a vacuum for 1 h. Then the dried 
HSNPs@PNCs nanocomposite material were added to hexane, and the 
mixture was magnetically stirred (1000 rpm) for 30 min to obtain a 2 wt. 
% homogeneous dispersion. The HSNPs@PNCs nanocomposite suspen
sion was spray coated onto vertically placed substrates (glass, fabric, and 
aluminum) using a spray-coater with a nozzle diameter of 0.35 mm at a 
pressure of 4 bar. The coated substrates were dried at room temperature 
prior to further usage. 

2.6. Characterization 

The morphology and size of the particles were observed with the FEI 
Tecnai G2 F20 S-TWIN high resolution transmission electron microscope 
(TEM) at 200 kV. The crystallinity of PNCs, HSNPs and HSNPs@PNCs 
were determined by XRD (Panalytical Empyrean). Photoluminescence 
(PL) and absorbance spectra were measured using an Agilent-Cary 
Eclipse fluorescence spectrophotometer and Thermo Genesys 10S 
spectrometer, respectively. Time dependent single photon counting 
measurements were made using PicoQuant FluoTime 200 equipped with 
a 375 nm pulsed laser diode. The wettability properties of PNCs and 
HSNPs@PNCs were evaluated with Attension Theta Lite. Contact angle 
and sliding angle were measured with 5 µL and 10 µL water droplets, 
respectively. The chemical composition of the coatings was 
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characterized using FTIR using the ATR mode (LUMOS II, Bruker). 

2.7. Stability tests 

Water resistance, thermal treatment, air, and UV light stability tests 
were performed on the HSNPs@PNCs. In the water stability test, the QY 
was determined by immersing the composite material in water for 30 
days and subjecting it to continuous mixing. The thermal stability test 
was conducted on the glass substrates coated with HSNPs@PNCs. The 
substrate was heated on a hot plate at different temperatures (70 ◦C, 120 
◦C and 170 ◦C) for 5 min. In an additional thermal stability test, the 
substrate was heated at 70 ◦C for 48 h. To determine the long-term air 
stability, the HSNPs@PNCs powders were kept in room conditions for 16 
days. To investigate photostability, HSNPs@PNCs composites were 
exposed to a constant luminous flux with a peak wavelength of 397 nm 
using a 3 mW UV flashlight. 

3. Result and discussion 

Our approach to fabricate water resistant and stable HSNPs@PNCs is 
summarized in Fig. 1. PNCs with different halide anions (Cl, Br, I) were 
synthesized with traditional hot injection method [43]. To impart 
superhydrophobicity, HSNPs were prepared by coupling of alkylsilane 
to silica particles. The dispersions of PNCs and HSNPs were then mixed 
yielding composite materials referred to as HSNPs@PNCs. This disper
sion can be deposited on substrates via spray-coating. Also, strong PL 
brightness of HSNPS@PNCs can be seen when excited with 365 nm UV 
light. 

PL and UV measurements of G-PNCs (green emitting PNCs) are 
shown in Fig. 2a. G-PNCs emit bright green PL under 365 nm UV light. 
PL, UV and PLQY a measurements of PNCs and synthesized composites 
are shown in Table S1 and Fig. S1. PLQY of HSNPs@PNCs can reach to 
46 %. Depending on the TEM image in Fig. 2b, G-PNCs have narrow and 
uniform size distribution. G-PNCs show a cubic shape with an average of 
7 nm. HSNPs have a diameter of about 11 nm. 

Functionalization of SiO2 nanoparticles with alkylsilane was 
confirmed by measuring and comparing the FTIR spectra of SiO2 and 
HSNPs (Fig. 2c) The band at 1050 cm− 1 shows Si-O-Si stretching vi
bration and represents SiO2. The peaks around 2850 and 2920 cm− 1 

show C–H stretching vibrations and represent alkylsilane [55]. 
Elemental composition analysis of SiO2 nanoparticles functionalized 

with alkylsilane is shown in Fig. 1d. The carbon atom fraction appears to 
be 23.2%, which results from the coupling of alkylsilane. 

HSNPs@PNCs were imaged in TEM to examine the crystal structure 
and morphology (Fig. 3a). As shown in Fig. 3b, PNCs were attached to 
the HSNPs. These black dots (PNCs) appear spherical as they are 
delimited by the HSNPs surface [17]. For this reason, PNCs look 
different from their normal appearance. However, the TEM image in 
Fig. 3c confirms the cubic phase CsPbBr3 plane corresponding to (200) 
lattice spacing of 0.29 nm. Diffraction peaks of HSNPs@PNCs compos
ites can be seen in XRD patterns (Fig. 3d). HSNPs showed clearly 
amorphous structure, while PNCs have cubic phase structure. HSNPs 
showed a wide peak range (16–25) Also, HSNPs@PNCs had amorphous 
structure and peak range 16–28◦ XRD results manifested cubic PNCs 
have characteristic strong peaks 2Ɵ: 15.1, 21.4, 30.4, 37.6 and 43.6. The 
peaks refer to 100, 110, 200, 211 and 220 planes based on the standard 
card of cubic CsPbBr3 phase (PDF#54–0752), respectively. EDX spectra 
of HSNPs@PNCs were determined the presence of Cs, Pb, Br, Si and O 
(Fig. 3e). The spectrum affirmed the available elements in PNCs struc
ture. PNCs of halogenic elements (Cl, Br, I) has been successfully mixed 
with HSNPs, enabling the production of composites with a wide color 
range. HSNPs indicate no emission in the range of 480–580 nm. In 
addition, measurements have determined that the dimensions of the 
composites are relatively narrow. The peak wavelengths of HSNPs 
intersect exactly with the wavelengths of PNCs in Fig. 3f. This inter
section shows that there is no aggregation and reabsorption. 

The synthesized composites are shown in Fig. S2 under 365 nm light. 
The time resolved photoluminescence measurements of PNCs and 
HSNPs@PNCs are shown in Fig. 3g and Table 1. The average lifetime for 
HSNPs@PNCs is 10.8 ns while the values of lifetime are 5.5 ns. The 
synthesized halogenic composites are shown in table S2. These results 
showed longer lifetime of the PNCs mixed with HSNPs. Thus, 
HSNPs@PNCs composites can prevent surface passivation. This study 
showed similar PL lifetime results with hydrophobic PNCs in the liter
ature [14]. For CsPbBr3 PNCs, the shorter lifetime was a few nanosec
onds, while the longer lifetime was tens of nanoseconds. The two 
radiation times τ1 and τ2 can be attributed to structural defects such as 
voids and surface states, respectively. The longer lifespan of τ3 can be 
attributed to donor-acceptor transitions [14]. 

The instability of PNCs under environmental conditions is an 
important problem that limits their usability. The most important factor 
limiting the stability is their rapid deterioration in the presence of 

Fig. 1. Schematic illustration for preparation of HSNPs@PNCs.  
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moisture. Although the HSNPs@PNCs composite powders we have 
prepared are known to have superhydrophobic properties, their stability 
in water is still uncertain. In order to investigate the protective effects of 
HSNPs, we first started with water stability studies. Water contact angle 
of PNCs and HSNPs@PNCs are shown Fig. 4a. The water resistance of 
PNCs is not good, as it is known. HSNPs@PNCs powder materials were 
suspended in water to investigate their water stability. When 
HSNPs@PNCs materials were only immersed in water, they immediately 
floated on the water surface with a clear boundary (Fig. 4a) due to their 
superhydrophobicity. In addition, the superhydrophobicity of the 
HSNPs@PNCs composites powder was confirmed by the drop shape 
analyzer with high contact angles (CA 172◦) (Fig. 4a), which is equal to 
pristine HSNPs. HSNPs@PNCs can be applied homogeneously to 
different surfaces such as glass, aluminum, and fabric with the spray 
method (Fig. 4b). The HSNPs@PNCs composite film exhibited high re
pellent water and strong self-cleaning performances (Fig. 4c and Video 
S1). Water drops collect coffee particles and move away from the 
surface. 

Given in Fig. 5a, HSNPs@PNCs had 75 % efficiency for 30 days in 
water stability study, while PNCs lost luminescence properties after 
immersions water 15 min, which is owing to the destruction of PNCs 
after high-speed blend (Fig. S3). Further, composite materials showed 
strong emission even after immersion in water after 6 months. Thus, the 
superhydrophobic property of HSNPs was also preserved in the prepared 

HSNPs@PNCs composite materials. It must be known that the CA of the 
composite materials remained the same even after 6 months. The PL 
measurements of HSNPs@PNCs (red and blue) against water on a 5-day 
cycle are 41.1 % and 58.2 %, respectively in Fig. S4. These red and blue 
luminescent composites have shown to maintain their stability against 
water by exhibiting superhydrophobic properties. Compared to studies 
in the literature, it showed superior stability [19]. Not only are PNCs 
susceptible to oxidation, their stability is greatly impaired at high tem
peratures. Therefore, it is very important to determine the thermal sta
bility of PNCs. For this reason, PL measurements were taken by exposing 
PNCs and HSNPs@PNCs to constant and different temperatures. Each 
temperature value was reserved for 5 min. PL measurements maintain 
50 % and 91 % efficiency at 70◦, respectively in Fig. 5c. The PL mea
surements of HSNPs@PNCs at 70 ◦C, 120 ◦C and 170 ◦C are 91 %, 78 % 
and 30 %, respectively. As can be seen in Fig. 5d, the PL intensity of 
PNCs decreases severely with high temperature. The main reason for this 
tremendous decrease is the further decrease of surface ligands with 
increasing heating [54,56–58]. 

In contrast, the PL intensity of HSNPs@PNCs slight decrease with 
high temperature. The PL curves of the PNCs decrease significantly even 
when exposed to thermal stability in a very short time. However, 
HSNPs@PNCs can preserve 78 % of their efficiency even at 120◦. 
Therefore, the HSNPs-Si NPs show an important strength in thermal 
stability of the PNCs. In addition, in typical synthesis methods, PNCs are 

Fig. 2. a) UV and PL spectra. The inset shows the photograph of the PNCs under 365 nm UV light. b) TEM image of the PNCs. c) FTIR spectra of SiO2 and HSNPs. d) 
EDX analysis of HSNPs. 
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stored in solvent and their stability is weaker in their solid state than in 
their colloid state. However, since the solvents of PNCs generally have 
toxic and harmful content, it is recommended to store them in solid 
form. In this regard, its stability in the air environment is also of great 
importance. As shown in Fig. 5f, the air stability of HSNPs@PNCs 
composites worked for 16 days and were preserved 78 % efficiency. The 
HSNPs@PNCs are irradiated with UV light for 24 h, the composites still 
exhibites bright green luminescence even after 24 h (Fig. S5). HSNPs 
were preserve PNCs to against UV light. 

The developed HSNPs@PNCs showed excellent performance in 
different stability tests applied. In addition, when the results in Table 2 

Fig. 3. a-c) TEM image of HSNPs@PNCs d) The XRD patterns of G-PNCs (blue solid line), HSNPs (orange solid line) and HSNPs@PNCs (green solid line) e) The EDX 
spectra of HSNPs@PNCs. f) TRPL curves of PNCs and HSNPs@PNCs. g) PL spectra of the PNCs and HSNPs@PNCs. 

Table 1 
TRPL table G-PNCs and HSNPs@G-PNCs.   

PNCs HSNPs@PNCs 

A1 5998 ± 145 4778.8 ± 58.1 
τ1 (ns) 3.1395 ± 0.0762 12.221 ± 0.119 
A2 98.4 ± 7.35 4756 ± 110 
τ2 (ns) 36.79 ± 1.71 5.603 ± 0.132 
A3 4111.3 ± 60.8 348.73 ± 9.59 
τ3 (ns) 8.3634 ± 0.0859 63.81 ± 1.5 
τaverage (ns) (amplitude weighted) 5.5679 10.857  
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are examined, it has superior stability and contact angle compared to 
other studies in the literature. 

4. Conclusion 

In summary, HSNPs@PNCs nanocomposites were successfully syn
thesized via a simple method, setting as the visible spectral region of 450 

Fig. 4. a) Image of contact angles of G-PNCs and HSNPs@PNCs powder and demonstration of its behavior in water b) Normal and UV-light photographs of glass, 
aluminum foil, and fabric coated with HSNPs@PNCs. c) Self-cleaning of coffee particles via rinsing with water. 
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nm - 650 nm without degrading the original structure of PNCs. 
HSNPs@PNCs composites own PLQY 46 %. Compared with stability 
related studies of PNCs, HSNPs@PNCs showed evidently developed 
stability against water exposure, thermal treatment and photostability. 
The HSNPs@PNCs composite film exhibited very good super
hydrophobic and self-cleaning performances. HSNPs@PNCs composites 

excellently protected 75% of their initial photoluminescence after being 
immersed in water for 30 days. Also, the composites manifest high 
bright emission even after 12 months of room temperature ambient 
storage. HSNPs@PNCs composites have excellent resistance toward 
continuous heat treatment as well as different temperatures. The results 
indicated that HSNPs@PNCs composites has very advantageous of the 

Fig. 5. a) Relative intensity curves of the G-PNC and HSNPs@PNCs composites powder after immersion water for 30 days. b) PL intensity curves of the HSNPs@PNCs 
composites powder after immersion water for 30 days. c) Normalized intensity curves of the HSNPs@PNCs composites powder as different temperature dependent. d) 
Relative intensity curves of the G-PNCs and HSNPs@PNCs composites powder as different temperature dependent. e) Relative intensity curves of the HSNPs@PNCs 
composites powder as continuous at 70 ◦C. f) Relative intensity curves of the HSNPs@PNCs composites powder air stability after 15 days. 
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stability development and long-term durability for different optoelec
tronic applications, i.e., display technology. 
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