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Short communication 
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A B S T R A C T   

Halide perovskite materials have emerged as a promising new research topic in recent years, with potential 
applications in solar cells and optoelectronic devices, among others. These materials have significant limitations, 
including instability to water, heat, UV radiation, and light, limiting their research to the lab scale only. 
Encapsulation of perovskite with polymers is a solution for addressing the shortcoming of stability. This study 
illustrates the synthesis of zero-dimensional cesium lead bromide (Cs4PbBr6), as well as its poly (vinylidene 
difluoride) (PVDF) nanocomposites, optical, morphological, cell properties and increased stability towards the 
environmental stress. Different concentrations of synthesized perovskite was encapsulated in PVDF, namely 0.0, 
0.5, 1.0, 1.5 and 2.0 wt/wt%. The UV–Visible spectral result depicts that the strong absorbance band ranges from 
280 to 320 nm confirms the formation of Cs4PbBr6. X- ray diffraction (XRD) reveals the existence Cs4PbBr6 and 
good interaction between the perovskite and polymer matrix. The size of prepared perovskite is in nano scale and 
with high phase purity with rhombohedral unit cell with are depicted by using high-resolution transmission 
electron microscope (HR-TEM), selected area electron diffraction (SAED). The nanocomposites exhibit emission 
from 490 to 520 nm, and 2 wt/wt% of perovskite in PVDF exhibits the highest emission intensity analyzed using 
photoluminescence (PL) spectral results which is excited at 370 nm. PL lifetime decay measurements of the 
fabricated PVDF perovskite nanocomposites shows 34.744 ns for 2 % Cs4PbBr6/PVDF nanocomposites due to 
delayed exciton radiative recombination which infers that the fabricated nanocomposites finds potential appli-
cation in the arena of photonics, UV-radiations blockers, and LEDs.   

1. Introduction 

All-inorganic perovskite nanoparticles are currently the focus of 
extensive research in the area of optoelectronic materials. To correlate 
the optical properties of perovskites with their atomic arrangements a 
large amount of focus is diverted towards their dimensional and phase 

control synthesis. In late 1990 s, all inorganic zero-dimensional lead 
halide perovskite (LHPs) was first synthesized and reported more stable 
photoluminescence quantum yield (PLQY)[1]. The phase pure crystal-
line structure of Cs4PbBr6 is devoid of corner shared octahedra [PbBr6] 
4− leading to increase in the quantum confinement of the photo excited 
excitons than that of the CsPbBr3. Owing to the above reason Cs4PbBr6 
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phase is usually called a Zero-Dimensional Perovskite (0-D). Soon after 
2016 due to rapidly increasing interest, LHPs and other metal halides 
along with Cs4PbBr6 compound works began to report with excellent 
and firm green photoluminescence [2]. 

In recent years, perovskite nanoparticles have emerged as an 
extremely important material for a range of applications, including 
light-emitting diodes (LEDs), solar cells, lasers, and photodetectors. 
Despite the fact that it boosts remarkable optical properties, it is plagued 
by a number of challenges, the most significant of which are poor sta-
bility under external stress mainly thermal stability, photo stability, 
resistance to water, and anion exchange[3]. From past decade many 
investigations have been reported stating the synthesis of different types 
of perovskites including all inorganic and organic perovskites structures 
and evaluated their photovoltaic performance.Murugadoss et al. [4], 
Murugadoss et al. [5],Murugadoss et al. [6]. 

To employ for technological applications, enhancing the stability of 
the perovskite is of great importance which in turn enhances the life 
span of end devices [7]. Various chemical routes have been suggested to 
improve stability of the lead halide perovskites by combining them with 
suitable class of materials such as carbon-based nanomaterials (Gra-
phene & other 2D materials)[8], metal and non-metal nanomaterials 
(silica and alumina)[9]and organic polymers[10]. Polymers are the 
most commonly used material to encapsulate and to embed the LHPs 
and inorganic nanofillers to increase the stability of the aforesaid. 

Polymeric nanocomposites possess superior mechanical, thermal and 
electrical properties than that of conventional micro sized filler com-
posites due to the ultrafine dimension of the filler. These enhanced 
properties are attributed due to the large interfacial area of the nano-
particles. In recent years, polymer nanocomposites, especially with 
metallic nanofillers particularly with metal oxidesRamesan et al. [11], 
Sankar et al. [12],Ramesan et al. [13],Ramesan et al. [14],Ramesan 
et al. [15], have attracted much attention for use in electrical applica-
tions due to encouraging results obtained for their dielectric properties. 
These materials are both inorganic and organic polymer nano hybrids, 
with optical, electrical, and optoelectronic capabilities that are widely 
employed in optical applications such as lenses, optical waveguides, 
optical switches, light emitting diodes, nonlinear optical devices and 
photonics[16]. 

Using ligand-assisted re-precipitation, Xiao and his colleagues pro-
duced water-stable Poly(methyl)methacrylate (PMMA) perovskite 
nanocomposites with reduced surface flaws. The link between perov-
skites’ Pb and PMMA’s carbonyl group hinders H2O diffusion, making 
perovskites PMMA nanocomposites resistant to aqueous medium and 
temperature.[7]. Macroscale polymer encapsulation improves light, 
water, and PLQY stability and can tolerate > 1010 photons per QD. 
Perovskite QDs’ hydrophobic surface coating and polymers may pre-
serve light stability and quantum yield following water exposure. 
Ligand-hydrophobic polymer matching helps bulk and thin film perov-
skites resist lead leakage in optical devices like optically-pumped lasers 
and polarized downshifters.[17]. 

Polymers, which have strong chemical stability and powerful resis-
tance to oxidation and corrosion, are a promising choice for combining 
these with perovskites to improve their stability. Despite their numerous 
favorable attributes, they have poor stability concerns with oxygen, 
moisture, heat, and radiation, which restricts their practical applica-
bility. Over the past several years, a series of experiments has been 
conducted in attempt to improve the stability of perovskite. 

PVDF, a piezoelectric polymer, was excellent for flexible nano-
generators. The most common and thermodynamically stable phase is 
the non-electroactive β-phase, however electroactive and β-phases are 
desired. PVDF electroactive phases are usually promoted by mechanical 
stretching and electrical poling. Because of its chemical stability, me-
chanical resistance, dimensional stability, and biocompatibility, the 
flexible PVDF polymer might be a nanogenerator in self-powered flex-
ible electronic devices. PVDF, an electroactive polymer, is also used in 
sensors, actuators, and energy harvesting systems.[18].From past 

decade great number of research investigations have been carried out on 
PVDF/metal oxide nanocomposites to explore the optical, thermal and 
electrical properties which leads their optoelectronic applications. 
Alhassan et al. [19],Alhassan et al. [20],Taha and Mahmoud [21],Taha 
et al. [22], Lovinger, A. J., [23], Liu, Y. et al [24]. 

Michaela Meyns and his team developed a unique coating method 
that improved the chemical and optical stability of perovskite nano-
crystals (NC). Poly (maleic anhydride-alt-1-octadecene) (PMA) is used 
to synthesize perovskite NCs. The selection of emission wavelengths and 
small emission bandwidths of these NCs allowed the creation of color 
conversion LEDs with high radiation efficacies and rich colors. [10]. 
Juan He et al. employed polystyrene (PS), polycarbonate (PC), and 
acrylonitrile butadiene styrene (ABS) for microencapsulation and 
methyl ammonium bromide as perovskite to make polymer-perovskites. 
Ultrastable and luminescent narrow green emission band perovskite- 
polymer composite films are made. Such films may be used with blue 
LEDs and red downconverters including red CdSe-based QDs, potassium 
Silicon Fluoride phosphor, and two hybrid BLU setups to provide an 89 
to 91 % color range (Juan [25]. 

A facile, affordable co-polymer templated synthesis approach for 
stable photo-stable core–shell colloidal perovskite NC was developed 
recently [Xi, L., et al ] [28]. The hydrophobic polymer shell excludes 
polar liquids. In colloidal and thin film forms, multi-dentate core/shell 
perovskite NC is orders of magnitude more stable[26]. 1D-2D CsPbBr3/ 
PMMA nanocomposites were fabricated by using scale-up synthesis of 
fluorescent perovskite nanocrystals using CsPbBr3 PNCs/PMMA com-
posites with PL stability at room temperature by means of microfluidic 
spinning. This work provided a greener way to mass produce perovskite 
NC composite materials with excellent fluorescence and stability for 
optoelectronics [27]. CsPbCl3 perovskite quantum dots (PQDs) in 
PMMA layers have been used to develop the memory devices with 
increased memory stability. These findings help investigate PQD-doped 
organic memory [29]. 

The above literature survey shows that there are several research 
works progressing, to demonstrate the use of perovskite polymer 
nanocomposites to enhance the stability of the perovskite and helps in 
widening the application window. Here we present a novel report, of 
utilizing the PVDF for encapsulation of the 0-D perovskite and to eval-
uate their optical property and stability towards the environmental 
stress. 

2. Materials and methods 

2.1. Materials 

Cesium bromide (CsBr) (99.9 %), lead bromide (PbBr2) (99.9 %), 
oleylamine (70 %), oleic acid (90 %), toluene (99.8 %), 1-octadecene, N, 
N-dimethylformamide (DMF) and poly (vinylidene difluoride) (Mw ~ 
180000). These chemicals are procured from Sigma Aldrich and were 
used without any purification and treatment. 

2.2. Characterization 

The obtained Cs4PbBr6, Cs4PbBr6/PVDF nanocomposite morphology 
are studied using SEM Joel IT-300 (Japan). The phase purity and the 
crystal structure were confirmed by studying XRD profile of the as ob-
tained Cs4PbBr6, Cs4PbBr6/PVDF NCs using PROTO AXRD benchtop 
(Canada) with the dwell time of 0.2 s. HRTEM and SAED techniques 
were used to identify the morphology and phase purity of the prepared 
perovskite Thermo fisher, Talos F200 S, (USA). UV–Visible absorption 
spectra of as synthesized perovskites and its PVDF nanocomposites were 
carried out using shimadzo 1900, (Japan) spectrophotometer with slow 
scan rate. Steady-state PL spectra were acquired on a HORIBA FL3 
spectrofluorometer with 370 nm photoexcitation from a Xe arc lamp. 
Transient PL decay measurements were performed by time-correlated 
single-photon counting on a HORIBA FL3 spectrofluorometer with a 

N. Shivaprasad et al.                                                                                                                                                                                                                           



Inorganic Chemistry Communications 159 (2024) 111761

3

370 nm LED pump source (pulse width < 1.2 ns). Contact angle meter 
(HO: IADCM-081, India) was used to measure the contact angle and 
surface energy. 

2.3. Synthesis of Cs4PbBr6 by re-precipitation method 

In a typical synthesis of Cs4PbBr6, PbBr2 (0.2 mmol) and CsBr (0.2 
mmol) are initially dissolved in 5 mL of DMF (solvent). Then 2.5 mL of 
oleic acid and 1.25 mL oleylamine are added to the above prepared 
solution at the room temperature. Further 0.4 mL of this precursor so-
lution was quickly added into 10 mL of toluene which acts as a bad 
solvent, under vigorous stirring for about 30 mins at room temperature. 
A bright yellowish green color was observed instantaneously after the 
addition of the above solution to toluene. This indicates the formation of 
0-D Cs4PbBr6 and it is being confirmed through XRD, SEM with EDAX 
(Fig. S1). 

2.4. Fabrication of Cs4PbBr6/PVDF perovskites nanocomposites 

The various composition viz., 0, 0.5, 1, 1.5 and 2 (Wt/Wt%) (<2% 
the perovskite is gets agglomerated and oozing out of the polymer) of 
Cs4PbBr6/PVDF nanocomposites were fabricated using simple solvent 
casting method. The calculated amount of above prepared perovskite 
was weighed and added to the 2 % PVDF solution which was dissolved in 
DMF. The prepared solution is stirred well at room temperature using 
magnetic stirrer to get uniform distribution. Later the composites were 
casted in a clean glass mould and the solvent was allowed to evaporate 
completely without disturbing the mould at 45–50 ◦C. After the com-
plete evaporation of the solvent, the films were carefully removed from 
the mould and the obtained nanocomposites films having thickness in 
the range of 0.23–0.35 mm, which is subjected for various character-
izations (Fig. S2). 

3. Results and discussion 

3.1. Wide angle X-ray scattering spectroscopy (WAXS) 

Microstructural characteristics and phase purity of Cs4PbBr6 NP is 
examined using WAXS. The phase profile of the synthesized Cs4PbBr6 
perovskite are presented in Fig. 1 (a). The XRD pattern with the peak 
centred at 2θ = 12.6, 20.1, 22.5, 25.4, 27.6, 28.7, 30.3, 31.1, 34.7, 39.0, 
45.9, 45.7 and 58.5◦ corresponds to the crystal plane diffraction from 
(110), (113), (300), (024), (131), (214), (223), (006), (134), (330), 

(600) and (704) of Cs4PbBr6 corresponds for rhombohedral unit cell. To 
further confirm the rhombohedral unit cell, XRD data obtained for the 
synthesized perovskite is utilized for the theoretical studies by using 
rietveld profile and integrated intensity refinement were performed by 
Fullprof software. Fig. 1(b) shows the rietveld refinement of the syn-
thesized Cs4PbBr6. From the data obtained it is clear that the obtained 
perovskite is having rhombohedral crystallographic unit cell with the 
space group of R-3c having the lattice parameter of a = b = 13.70 Å and 
c = 17.28 Å, that is typically formed by octahedral (PbX6)-4 clusters 
separated by Cs+ ions which confirms the presence of Cs4PbBr6 (Fig. 2) 
[30,31]. 

X-ray diffraction was carried out further to investigate the effect of 
Cs4PbBr6 inclusion on the microcrystalline parameters and the interac-
tion between PVDF. From the XRD profile (Fig. 3) it is clear that the 
perovskite and the polymer exhibits good interaction. Also in XRD 
profile, polymer and its perovskite composites possess the peak corre-
sponding to the β- phase of the PVDF with the 2θ centered from 19.80◦- 
20.59◦[32]. The XRD peak of pure polymer does not show any peaks 
corresponds to the perovskite, whereas after inclusion of Cs4PbBr6 new 
peaks along with PVDF peaks shows its presence, with variation of the 
intensity corresponding to the β- phase of the polymer which depicts the 
interaction of the polymer and the perovskite. 

To probe the effect of addition of the perovskite to polymer the 
microcrystalline parameter of the prepared perovskite nanocomposites 
was evaluated. The computed microcrystalline parameters were tabu-
lated in Table 1. Scherrer lengths or average crystallite size (L) of the 
nanocomposites was calculated by using Scherrer formula:[33]. 

L =
kλ

Cosθβ
(1)  

where, k, λ and θ are the constant (k = 0.9), which is related to the 
crystallite shape, the radiation wavelength and Bragg’s angle, respec-
tively; whereas, β is the full width at half maximum (FWHM) of the 
diffraction peak. The computed crystalline size of individual nano-
composites is shown in Table 1, which may be accessed on this page. 
This table demonstrates that the addition of Cs4PbBr6 resulted in the 
formation of elemental vacancies and an increase in the interaction 
between the filler and the polymer, both of which reduce the lattice 
properties (Mallikarjuna et al., 2004). The insertion of Cs4PbBr6 into 
PVDF prevents the agglomeration phenomena that occur between 
Cs4PbBr6 nanoparticles and also increases the material’s crystalline size. 
It is also noted that the FWHM of the composites decreases with increase 
in Cs4PbBr6 content which gives a positive effect to the crystallite size. 

Fig. 1. (a) X-ray diffraction pattern of Cs4PbBr6, (b) Rietveld refinement of Cs4PbBr6.  
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Furthermore, the variation of the Cs4PbBr6 content also effects the na-
ture of the XRD profile which is less intense and much broader when 
compared to plain PVDF. This characteristics of the peaks can be 
attributed for the decreased intermolecular chain interaction between 
the polymeric chains due the presence of the Cs4PbBr6 at the interface 
(Nataraj et al., 2008). It is responsible for the variation in the interplanar 
distance (d-spacing) which shows the higher values for the nano-
composites when compare to the pristine polymer [33]. 

In addition, lattice strain and dislocation density were calculated for 
the 2θ values tabulated in Table 1 and it is clear that as the concentration 
of the Cs4PbBr6 increase, there is corresponding decreases in the lattice 
strain and dislocation density in the polymer matrix resulting in 

decreases in the structural disorder in the PVDF matrix. Thus, the 
crystalline nature of nanocomposites increases with increase in Cs4PbBr6 
concentration in the PVDF matrix [32]. 

3.2. Transmission electron microscope (TEM) and selected area electron 
diffraction (SAED) 

To evaluate the particle size and the type of crystallite nature TEM 
and SAED analysis is employed. The results obtained from the TEM and 
SAED analysis are showed in Fig. 4. From the TEM images Fig. 4 (a) & 
(b) it is cleared that the perovskites exhibit the size in the nanometer 
scale and also hexagonal shaped structure which can be observed in 

Fig. 2. Crystal packing structure of Cs4PbBr6 at different orientation.  
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Fig. 4c.[34]. Furthermore, from the images it is also evident that the 
synthesized perovskite is showing the unidirectional lines (Fig. 4d.) 
owing to the presence of single type of crystallite phase. Confirming that 
the synthesized perovskite is having high phase purity, rhombohedral, 
without any mixing of other crystallite phases which is in good agree-
ment with the results obtained for XRD analysis. Fig. 4.(e and f) rep-
resents the SAED analysis of the prepared perovskite which possess 
bright spots, representing that the obtained perovskite is phase pure and 
possessing single type of unit crystal. Furthermore, the EDS (Fig. 5) data 
shows (Table 2) the presence of Cs, Br and Pb which is nearer to the 
theoretical data (cesium − 4, bromide-6 and lead − 1 number) con-
firming the obtained perovskite is Cs4PbBr6. 

3.3. Scanning electron microscope (SEM) analysis 

The scanning electron microscope is used to evaluate the microscopic 
properties of the nanofiller and its polymer nanocomposites. Further-
more, it is also employed to study the effective influence of perovskite on 
the topological features of the polymer nanocomposites and the extent 
of dispersion of the perovskite in the host polymer. The scanning elec-
tron micrograph images of perovskite and its composites (Figs. 6 and 7) 
exhibits an excellent dispersion in the polymer host matrix depicting 
greater compatibility between the perovskite and the polymer, exhib-
iting the homogeneous distribution of filler in polymer matrix. From the 
SEM microphotograph it is clear that the perovskite filler is integrated 
with excellent filler dispersion in addition to noticeable chemical 
compatibility between the perovskite fractals with the polymer. From 
Fig. 7 (a-d) it is clear that the perovskite added to polymer matrix can be 
observed clearly with cubic like structure which is absent in pristine 
polymer, furthermore as the concentration of the perovskite increases 
form 0 % to 1.5 % the number of the cubes like structures observed also 
increases. Whereas the perovskite concentration increases to 2.0 % the 
agglomeration of the fillers in the host polymer matrix is observed 
clearly in Fig. 7(d) indicating the threshold concentration of the 
perovskite filler. The prepared perovskite is also subjected to SEM 
analysis and hexagonal shaped structures are cleared observed which is 
in good agreement with the previously literature, indicating the 

formation of the 0D Cs4PbBr6 [35]. 

3.4. Optical properties 

3.4.1. Uv–visible absorbance studies 
The semiconducting nanoparticles in polymer nanocomposites, they 

are seen as a potential material for electrical and optoelectronic appli-
cations. Before to incorporate new material for any optoelectronic de-
vice applications, primarily it is affirmed to be optoelectronic in nature. 
The films were cast with this objective in mind, allowing UV–Visible 
spectrum studies to be utilized to characterize the optical properties of 
PVDF nanocomposites containing Cs4PbBr6 as nanofillers. The UV–Vi-
sible absorbance spectrum of the prepared nanocomposites is presented 
in Fig. 8. The absorbance spectrum clearly reveals the filler concentra-
tion dependent optical properties of PVDF host with first excitonic 
absorbance showing in ultraviolet region ranging from 280 to 320 nm 
with λmax of 310 nm (Seth, and Samanta., 2017). This absorption feature 
in UV regime is consistent with that of bulk Cs4PbBr6, which was proven 
to be the localized 6S1/2–6P1/2 transition within the isolated 
[PbBr6]4− octahedra separated by Cs+ ions [36]and also can be attrib-
uted π to π* of the double bond present in the polymer back bone 
(ethylene unsaturation) results in synergetic effect and formation of 
charge transfer complexes between the polymer-Cs4PbBr6 [38]. Owing 
to this absorbance peaks indicates that the presence of perovskite, which 
is absent in the pristine polymer[34]. Additionally, the investigated 
nanocomposites are suitable candidates for UV-Shielding applications 
due to their extremely high UV absorbance (Kim et al., 2012)[37]. The 
absorption increases with increasing Cs4PbBr6 content, and the shift in 
the absorption edge of the doped PVDF nanocomposites exhibits the 
variation in the energy band gap. This may be caused by modifications 
in the crystallinity of the polymer matrix or the formation of charge 
transfer complexes [39]. 

The transmittance of pure PVDF and PVDF/Cs4PbBr6 nano-
composites is shown in Fig. S3 as a function of wavelength. From the 
graph it is clear that as the concentration of Cs4PbBr6 increases, the 
transmittance of nanocomposites decreases, which is attributed to the 
increasing Cs4PbBr6 layers. Furthermore, any decreasing trend in 

Fig. 3. XRD profiles of PVDF/Cs4PbBr6 nanocomposites.  

Table 1 
Microcrystalline parameter of PVDF/Cs4PbBr6 nanocomposites.  

PVDF/Cs4PbBr6 (wt/wt%) 2θ (◦) FWHM (β) ‘d’ spacing (Å) Scherrer length (L) (Å) η x10-4 Lattice strain × 10− 1 R SF 

100/00  20.59  1.95  4.30  72.35  1.91  4.79  5.38  1.69 
99.5/0.5  20.54  1.88  4.31  74.93  1.78  4.62  5.40  1.93 
99.0/1.0  19.80  1.85  4.47  76.30  1.71  4.54  5.59  1.93 
98.5/1.5  20.29  1.63  4.37  86.29  1.34  4.01  5.46  1.69 
98.0/2.0  20.43  1.43  4.34  98.42  1.03  3.52  5.42  1.47  
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transmittance observed in the nanocomposite is due to the fact that the 
Cs4PbBr6 nanoparticles present in the nanocomposites involves in scat-
tering and the reflection of incident light decreases the transmittance of 
the whole nanocomposites. The particle size, dispersion, surface 
roughness, polymer-filler interface, and refractive index of the additive, 
along with other physical characteristics, have a significant impact on 
the transmittance of the resulting nanocomposite [40]. 

Absorption coefficient (α) is an important parameter which is used to 
study the absorption edge and type of electronic transition of any ma-
terials which in turn finds application in the field of photo detector, light 
emitting diodes, photovoltaic cells. To evaluate the absorption edge of 
the prepared perovskite nanocomposites α is computed by absorbance 
values using the formula. 

α =
A × 2.303

t
(2)  

where A is the absorption at a specific wavelength and t is the 
compactness of the film. The absorption edge of the perovskite nano-
composites was obtained by extrapolating the linear portion of the plot 
of absorption coefficient and photon energy. The obtained values are 
tabulated in the Table 3 and represented in Fig. 9 (a) and [Fig. S4]. From 
the table it is cleared that as the concentration of the perovskite in-
creases there is a monotonic decrease in the absorption edge. Pristine 
PVDF shows 3.4 eV whereas 2 % Cs4PbBr6 doped polymer 

nanocomposites exhibits 3.1 eV. This monotonic decrease in the ab-
sorption edge can be attributed for the effective dispersion of the doped 
perovskite in the polymer matrix. Furthermore, the absorbance in-
creases noticeably as it approaches near the absorption edge, indicating 
that the nanocomposites are of good crystalline nature and likely to play 
a significant role in photodetector research and design [41]. 

The absorption coefficient so obtained was also employed to find out 
the type of the transition that takes place in the prepared nano-
composites. The optical band gap for different concentrations of 
Cs4PbBr6/PVDF nanocomposites was resolved using Wood and Tauc’s 
plot. Furthermore, this plot also provides the information about the 
interaction of polymer and added perovskite nano particles[33]. The Eg 
can be calculated by using α and the intercept of the extrapolated linear 
plot of (αhv)2 and (αhν)1/2 versus photon energy (hν) respectively yields 
the direct and indirect optical band gaps. 

(αhϑ)
1
m = B

(
hϑ − Eg

)
(3)  

where m is an index related to the type of electronic transition, with 
values of 1/2, and 2 for direct allowed and indirect allowed electronic 
transitions, respectively, and h is the photon energy in eV, Eg is the 
optical band gap (eV), and α is the absorption coefficient in cm− 1Ali and 
Kadhem [42]. It’s been evident from the Table 3 that with increasing 
concentration of Cs4PbBr6 in composites, value of direct band gap (Edg) 
for 0 to 2 % Cs4PbBr6 ranges from 4.64 to 3.17 eV and indirect band gap 

Fig. 4. TEM and SAED micro photographic images of prepared Cs4PbBr6.  
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(Eing) for 0 to 2 % Cs4PbBr6 ranges from 3.64 to 2.85 eV shows mono-
tonic decrease. The decrease in the band gap of the nanocomposites is 
due to the fact that increase in degree of disorder in the PVDF/Cs4PbBr6 
nanocomposites, chemical and physical conjugation of the Cs4PbBr6 
nanoparticles with the PVDF, which allows the coupling of possible 
electronic states of the dopant and the polymer host results in generation 
of new lower electronic transition energy state within the polymeric 
band gap. The emergence of a new transitional level below the con-
duction band was held responsible for the narrowing of the optical band 
gap for PVDF/Cs4PbBr6 nanocomposite (2.0 %) [ [43,44,45]. Further-
more, from the Fig. 10 (a) (Fig. S5) it is observed that the plot is linear 
over wide range of photon energy and at the m = 2 the curve gets in-
tercepts with a value of zero, whereas for m = 1/2 will not take place 
which indicates the direct type of transition which is in good agreement 
with the work published by Saif M.H. Qaid et al[46]. 

The Urbach rule can be used to explain how the absorption coeffi-

cient near the band edge exhibits an exponential relationship with 
photon energy. 

α = α0exp(E − Eu) (4) 

The localized states band tail energies Eu in the optical gap can be 
calculated using this relation (Eq. (4). Fig. 10(b) depicts the variation of 
ln (α) against photon energy (eV) for PVDF@Cs4PbBr6 nanocomposite-
s at various concentrations of Cs4PbBr6. The slope of the straight lines 
forming these curves was used to calculate the values of Eu, which are 
shown in Table 3 Urbach [47]. The relationship between Eu values and 
dopant content is shown to be monotonic increase with the increase in 
dopant concentration ranging from 0.17 to 0.71 eV infers the depen-
dence of the absorption coefficient with photon energy. Furthermore, 
from the table it is also clear that the incorporated Cs4PbBr6 nano-
particles alter the structure of the host PVDF polymer matrix due to the 
molecular ordering in nanocomposites causes an increase in the number 
of charge trapping centers Santhosh et al. [48]. 

Refractive index (RI) and efficiency are the two factors that most 
strongly influence the effectiveness of solar cells. It is well known 
fact that solar cells on a large scale require a high refractive index[49]. 
RI for semiconducting materials is also important as it alters the optical 
and electrical properties of the materials and gives the knowledge about 
to which application the material can be applied. 

The refractive index (n) of the PVDF/Cs4PbBr6 is computed by using 
Fresnel formula: 

Fig. 5. EDS pattern for the synthesized Cs4PbBr6.  

Table 2 
Elemental composition obtained from EDS of synthesized Cs4PbBr6.  

Elements Weight 
(%) 

Atomic (%) 
X 10 

Net intensity X 
(104) 

Error K- 
ratio 

Br  34.8 5.16  5.03  0.268  1.0 
Cs  35.0 3. 72  8.42  0.278  0.57 
Pb  30.1 1. 12  4.11  0.404  0.98  
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n =

(
1 + R
1 − R

)

+

(
4R

1 − R2 − K2
)1

2

(5)  

where, n is refractive index, R is reflectance, K is extinction coefficient it 
is calculated by following equation. 

K =
αλ
4π (6) 

According to Bhar and Pinto models, the n values increases with 

increase in the nano filler concentration due to net atomic refractions, 
low density, large surface area, and high absorption coefficient. The 
refractive index rises from 48.5 for pure PVDF to 49.2 for PVDF/2% 
Cs4PbBr6, as seen in Fig. S6 and the values are tabulated in Table 3. The 
increased packing density of the polymer is correlated with the rise in 
refractive index. It is evidenced that the UV region perceives a signifi-
cant drop in the extinction coefficient (k). As Cs4PbBr6 concentration in 
the polymer matrix rises, the absorption peak of Cs4PbBr6 is clearly 
visible and the extinction coefficient rises on the higher wavelength 
region. This is due to the increase in packing density of polymers. This 

Fig. 6. Scanning electron microscopic images of Cs4PbBr6.  

Fig. 7. Scanning electron microscopic images of (a) 0.0% (b) 1.0, (c) 1.5%, and (d) 2.0% Cs4PbBr6 /PVDF nanocomposites.  
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reveals that as Cs4PbBr6 levels increases, the amount of light lost due to 
scattering and absorption also increases (N. Kundachira Subramani, 
et al., 2015) [50]. From this relationship, it is clear that the fabricated 
nano composite becomes more and more opaque when filler quantity 
and particle size are increased. However, the high refractive index 
transparent polymer composites with high visible transparencies may be 
achieved by using an ideal volume fraction of filler with filler size within 
20–40 nm fraction and near matching inorganic filler to organic matrix 
RI. 

Extension coefficient (K) is regarded as the imaginary part of the 
multipart refractive index and mainly recedes on absorption coefficient 
(α) and wavelength (λ) which are related and computed by using the 
equation (5) and the obtained results are presented in Fig. S7 (Table 3). 

K is a parameter which quantifies the amount of photonic energy that get 
relieved due to the specific scattering and absorption by the prepared 
nanocomposites. Fig. S7 shows the variation of K with respect to 
wavelength (λ). The extinction coefficient increases as the wavelength 
raises to higher value. The surface Plasmon resonance of Cs4PbBr6 may 
account for the sharp rise in extinction coefficient > 510 nm. The 
scattering process of incoming light, in which the energy of photons 
decreases, is responsible for the rising K values at shorter wavelengths 
than 510 nm. 

3.4.2. Photoluminescence spectroscopy 
PL spectroscopy is an appealing technology that can analyze the 

structure and features of materials with great accuracy at the nanoscopic 
level and with remarkable sensitivity. PL spectroscopy is one of the 
important tool to differentiate between Cs4PbBr6 and CsPbBr3. The 
prepared zero dimensional Cs4PbBr6 can be confirmed by employing PL 
spectroscopy. The synthesized perovskite is characterized by PL spectra 
and the obtained result is presented in Fig. 11(a). From the Fig. 11, it is 
clear that the synthesized perovskite shows small amount of impurities 
with strong emission peak ranging from 450 to 550 nm with λmax of 510 
nm which confirms that the prepared perovskite is Cs4PbBr6 and not 
CsPbBr3. Furthermore, the full width half maximum (FWHM) of the 
peak obtained shows a narrow value of 22 nm further conforming that 
the obtained perovskite is Cs4PbBr6 [51]. 

Noticeable flattening of the valence and conduction bands is seen 
when transitioning from the 3D to the 0D perovskite, which is in 
agreement with the observation of an ensuing widening of the bandgap 
upon reducing the structural dimension. In all three situations, Pb-6p 
and Br-4p states predominate in the conduction band minimum (CBM) 
or lowest unoccupied molecular orbital, (LUMO), whereas Pb-6 s and Br- 
4p states make up the valence band maximum (VBM) or highest occu-
pied molecular orbital (HOMO). The electronic zero-dimensionality of 
the structure of 0D perovskites is primarily responsible for the high 

Fig. 8. UV–Visible absorption spectra of PVDF/Cs4PbBr6 nanocomposite.  

Table 3 
Optical properties of plain PVDF and PVDF/Cs4PbBr6 nanocomposites.  

PVDF/ Cs4PbBr6 (wt/wt%) Eg (Direct) (eV) Eg (Indirect) (eV) Urbach Energy (Eu) Absorption edge Refractive Index (101) Extension Coefficient (104) 

100/0.0  4.69  3.64  0.43  3.40  48.50  2.24 
99.5/0.5  3.34  3.07  0.44  3.28  48.90  3.23 
99.0/1.0  3.29  3.02  0.49  3.17  49.00  4.19 
98.5/1.5  3.23  2.95  0.54  3.11  49.14  4.71 
98.0/2.0  3.17  2.85  0.71  3.05  49.20  5.48  

Fig. 9. Absorption co-efficient as a function of photon energy for the fabricated (a) plain PVDF (b) PVDF/Cs4PbBr6 nanocomposites.  
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bandgaps of 0D perovskites, which in turn causes the decoupling of the 
Pb-6 s, 6p, and Br-4p atomic orbitals. Despite their large bandgaps, 0D 
perovskites play a crucial role in boosting the PLQY of green emitters. 
This is accomplished by providing the appropriate dielectric media 
(molecular matrix) and transferring the energy of Pb2+ ion emission to 
the green emitting centers [31]. 

The synthesized PVDF/Cs4PbBr6 nanocomposites display dopant 
dependent photonic emission as a result of the Cs4PbBr6 nano filler- 
induced changes in the electronic band structure of PVDF nano-
composite films (as measured by changes in band gap). The results ob-
tained are displayed in Fig. 11(b). The PL spectra is recorded with the 
excitation wavelength of 370 nm whereas, the emission wavelength of 
the nanocomposites ranges 460–560 nm with varying λ max with the 
concentration of the perovskite. Furthermore, from the PL spectra it is 
cleared that the prepared nanocomposites exhibit substantial Stock’s 
shift of 130 nm owing to efficient photonic down conversion. The 
variation of the λmax with the concentration of the perovskite is pre-
sented in the Table 4. 

The optical and recombination losses made the current generation of 
solar modules/photovoltaic cells to decrease their quantum efficiencies, 
particularly in the shorter wavelength (400 nm) regimes Rothemund 
[52]. The incorporation of perovskite based Luminescent down con-
verter (LDC) layers into photovoltaic cells is an attractive prospect. In 

this case, the added perovskite based LDC layers cause a UV to visible 
photonic down-conversion or photon cutting, which significantly re-
duces thermalization losses (Wang et al., 2018) [53]. Accordingly, PL 
emission studies in the current investigation show the fabricated nano-
composites inherent abilities to down-convert high-energy UV photons 
to relatively lower-energy visible light, thereby serving as effective LDC 
layers for photovoltaic applications. Fluorescence excitation/emission 
investigations, shows an excitation peak maximum approximately 3.85 
eV/320 nm, in agreement with UV–Visible absorbance measurements, 
were used to optimize the energy needs for luminous transitions. While 
the fluorescence emission spectrum of PVDF/Cs4PbBr6 systems made 
with Cs4PbBr6 provides insight into the dopant-dependent photonic 

Fig. 10. Plots of (a) direct and (b) Urbach tail as a function of photon energy for pure PVDF and PVDF/Cs4PbBr6 nanocomposites.  

Fig. 11. Photoluminescence emission spectra of (a) Cs4PbBr6 (b) PVDF/Cs4PbBr6 nanocomposites.  

Table 4 
Photoluminescence properties of the Cs4PbBr6 and its PVDF nanocomposites.  

Sl. No. Cs4PbBr6/PVDF (wt/wt%) PL emission (λmax) τ1 ± 1.2 (ns) 

1 100/00 510  22.4 
2 00/100 480  2.06 
3 0.5/99.5 485  25.29 
4 1.0/99.0 505  28.07 
5 1.5/98.5 510  29.25 
6 2.0/98.0 515  34.74  
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emission characteristics. In contrast to undoped PVDF films, which are 
non-fluorescent, the PVDF/Cs4PbBr6 NC films exhibit an extremely 
bright green emission (2.85–2.33 eV). Furthermore, when a semi-
conductor is introduced into a polymer matrix, most research on the 
light-emitting characteristics of semiconductor nanoparticles has often 
observed that the luminous centers are unintentionally destroyed 
[54,55], particularly when the polymeric host contains halogens. As a 
result, the fluorine backed pure PVDF films (in the current work) like-
wise continue to be non-fluorescent. In contrast, it is anticipated that the 
addition of Cs4PbBr6 nanofillers would cause the fluorine backboned 
PVDF to display charge transfer transitions with the perovskite fractals, 
which in turn will deactivate the fluorine group effectiveness in pre-
venting luminescence and result in fluorescence emission. 

Additionally, synergistic filler-matrix interactions may be respon-
sible for the unique fluorescence emissions seen by PVDF/Cs4PbBr6 
nanocomposites. These interactions may be able to significantly alter the 
electronic band structures, leading to the emergence of completely new 
material features. Additionally, the fluorescence spectrum in-
vestigations (excitation/emission) support the effective fluorescent 
emission-mediated down-conversion of PVDF/Cs4PbBr6 nano-
composites affected high energy UVA radiations (370 nm) to low energy 
visible light (485–515 nm) radiations. After the insertion of Cs4PbBr6 
nanofiller, the new fluorescence emission properties of free-standing 
PVDF nanocomposites may be explained by using the popular pro-
cesses suggested in the literature [56],Xiong [57]. 

These properties include intrinsic Pb2+ ion emission, large exciton 
binding energy, and small polaron formation upon photoexcitation, in 
addition to anomalous green PL with improved stability. This results in 
visible emission by the recombination of photo-generated charge car-
riers, present in perovskite with surface defect levels. The recombination 
of light-induced electrons (in/near the conduction band) is emphasized 
in one of the suggested methods, while photo-generated holes (in/near 
the valence band) are used to produce light emission in the other. A 
possible energy transfers between the PVDF and the inorganic nanofiller 
[31] involving the transition photo-generated electrons from the highest 
occupied molecular orbital (HOMO) of Cs4PbBr6 (the allowed optical 
transition from the excited state 3P1 to the ground state 1S0 of the Pb2+

ion and low energy band to charger transfer state (D-state) emission of 
the Pb2+ ion in the host lattice) valance band (VB) to the conduction 
band (CB) of PVDF is thought to be the cause of the green light emission 
observed by PVDF/Cs4PbBr6. 

To elucidate the emission and photo physical properties of the ob-
tained Cs4PbBr6 and its PVDF polymer nanocomposites were analyzed in 
liquid and solid phase respectively by using time resolved PL decay 
(TRPLD) and the results are computed in Table 4. Fig. 12 (a) and (b) 

shows the graph of PL lifetime decay for Cs4PbBr6 and its PVDF nano-
composites with varying concentration (0 to 2wt/wt%). Fig. 12(a) 
represents the TRPLD of the synthesized Cs4PbBr6 and after fitting this 
graph life time was found to 22.40 ± 1.2 ns which has 100 % greater 
value when compared to previous works (shows around 11–13 ns)[58]. 
To probe the effect of doping of perovskite into the PVDF host on life 
time decay of polymer TRPLD is employed and the graph is displayed in 
Fig. 12(b). From the Table it is clear that with the increase in the con-
centration of the perovskite the PL life time decay also increases ranging 
from 2.06 to 34.74 ns indicating the monotonic increase with the con-
centration of the perovskite and also a concertation dependent phe-
nomenon. This increase in the TRPLD of the nanocomposites may be 
attributed for the delayed exciton radiative recombination [59]. 

To study the effect of the perovskite concentration on the emission 
colour CIE chromaticity diagram (developed by the Commission Inter-
nationale de l’Eclairage) is employed. Furthermore, by mapping colors 
that are visible to the human eye in terms of hue and saturation, a CIE 
chromaticity diagram enables the comparison of the quality of colors. 
The CIE chromaticity diagram is drawn by using PL data and the result is 
presented in Fig. 13. It is clear that the composites shows an increase 
(red shift) in the emission wavelength ranges from 480 to 515 nm, i.e. 

Fig. 12. Time resolved photoluminescence decay curve of (a) Cs4PbBr6 and (b) PVDF/Cs4PbBr6 nanocomposites.  

Fig. 13. Chromaticity CIE diagram for the prepared PVDF/Cs4PbBr6 
nanocomposites. 
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emission colour change from blue to green with an increase in perov-
skite concentration from 0 to 2.0 wt/wt%. The comparision of the op-
tical properties of the previous work has been tabulated in Table 5. 

3.5. Wettability and surface energy studies 

The critical feature of wetting is affected by the liquids used and the 
characteristics of the solid surface (hydrophobic or hydrophilic). Fig. 14 
displays the results of a contact angle study of the wetting behavior of 
PVDF nanocomposites films doped with 0 %, 0. 5 %, 1.0 %, 1.5 %, and 
2.0 % Cs4PbBr6. The contact angle of pure PVDF is 61.46◦ degrees, 
which demonstrates its wettability. From Table 6 it is clear that as the 
contact angle increases, surface energy decreases, the decrease in 
attractive cohesive force that sinks and spreads the water droplet. 
Consistent with prior results, water droplets with hemispheric meniscus 
morphologies of 71.28◦, 73.79◦, 77.93◦, and 80.22◦ were formed when 
0.5, 1.0, 1.5, and 2 % Cs4PbBr6 were incorporated into the PVDF matrix. 
In spite of being less wettable than pure PVDF, this contact angle dis-
covery implies that PVDF nanocomposites are nonetheless wettable 
[60]. There is less of a barrier between nanocomposites and water 
droplets than there is with pure PVDF. Nanocomposites have lower 
surface energy and interfacial tension because of the increased contact 
angle. Furthermore, to probe the water stability of the prepared nano-
composites water immersion test is conducted (Fig. S8). The test con-
ducted by immersing prepared nanocomposites in water for 60 days and 
observing their luminescence in UV-light. From the results it is cleared 
that the PVDF/Cs4PbBr6 nanocomposites are exhibiting greater stability 
to water without losing its luminescence property even after 60 days. 

4. Conclusion 

In this present work, we successfully synthesized the Cs4PbBr6 by the 
re-precipitation method and fabricated its PVDF nanocomposites via the 
solvent casting method with different concentrations of Cs4PbBr6. From 
the XRD rhombohedral unit cell of the crystal lattice, TEM with SAED 
confirms the prepared Cs4PbBr6 is nanoscale and is single phase, further, 
UV–Visible and PL spectroscopy results show the absorbance at 310 nm 
and emission spectra at 510 nm with the narrow FWHM of 22 nm, 
confirming the existence of Cs4PbBr6 with a TRPLD of 22 ns. From SEM 
analysis, we witnessed that prepared Cs4PbBr6 nanoparticles are uni-
formly distributed in PVDF matrix with different concentrations, viz. 
0.0, 0.5, 1.0, 1.5, and 2.0 wt/wt%. WAXS studies of the nanocomposites 
clearly indicated that there is a strong interaction between the polymer 
and Cs4PbBr6 which affects the microcrystalline properties of the poly-
mer. From the UV–Visible spectra of the nanocomposites, it is clear that 
the nanocomposites have a strong absorption band at 280–320 nm (UV- 
B), with λmax = 310 nm, indicating that the absorbance of Cs4PbBr6 is 
protected and it is encapsulated in PVDF, which has applications in UV- 
shielding or UV-blocking in the UV-B region of UV radiation. Optical 
parameters it was found that the nanocomposites undergo direct type 
transitions. The PL spectral reveals that the emission varies from 485 to 

515 nm as the concentration varies from 0.0 − 2.0 wt/wt% indicating 
the red shift. Additionally, the nanocomposites exhibit shocks shift of 
≈115 nm indicating down conversion. The TRPLD of the prepared 
Cs4PbBr6 and Cs4PbBr6@PVDF nanocomposites showed greater life time 
decay, which makes them a suitable candidate for light emitting diodes 
and photovoltaic applications. The water contact angle and water im-
mersion test show greater stability of the prepared Cs4PbBr6 and its 
PVDF nanocomposites, which makes them suitable for outdoor appli-
cations such as display devices and photovoltaics. In summary, we 
conclude that the synthesized Cs4PbBr6 and its PVDF nanocomposites 

Table 5 
The obtained data of the wettability of PVDF/Cs4PbBr6 nanocomposites.  

Sl. 
No 

Perovskite/polymer nanocomposites Absorbance 
(nm) 

PL emission wavelength 
(nm) 

Time resolved PL decay 
(ns) 

Reference 

1 Cs4PbBr6/Poly [2-methoxy-5-(2-ethyl-hexyloxy)-1,4- 
phenylene-vinylene] 

– 580 – Al-Asbahi et al.  
[61] 

2 Cs4PbBr6/CsPbBr3/ PMMA 318 512 55 Li et al. [62] 
3 CsPbBr3/poly(styrene-ethylene-butylene-styrene 500 520 30.5 Raja, S. N., et al.,  

[17] 
4 CsPbBr3/PMMA – 515 30.8 Ma, K., et al., [27] 
5 MAPbBr3/PMMA – 521 60 Li, X., et al., [7] 
6 MAPbBr3/PMMA or MMA 

MAPbBr3/BMA 
515 
539 

521 
522 

16, 
25.6 

Y. Xin et al., [63] 

7 Cs4PbBr6/PVDF 310 510–525 34.77 This work  

Fig. 14. Images of water contact angle of Cs4PbBr6/PVDF nanocomposites.  

Table 6 
Comparison of optical properties with previous works.  

PVDF/Cs4PbBr6 (wt/wt 
%) 

Contact Angle (◦) ± 0.5 Surface Energy (N/m) ±
1.0 

100/00  61.46  101.87 
99.5/0.5  71.28  96.16 
99.0/1.0  73.79  93.17 
98.5/1.5  77.93  88.02 
98/2.0  80.22  85.16  
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with enhanced stability can widen their application in outdoor opto-
electronics and are a suitable candidate for industrial applications. 
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