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Exploring the Effect of Polymer Addition to the Room
Temperature Synthesis of Colloidal Lead Halide Perovskite
for Better Stability, Higher Passivation, and More Uniform

Particle Size

Elshaimaa Darwish,* Jack Elia, Miroslaw Batentschuk, Andres Osvet,

and Christoph J. Brabec*

In recent years, metal halide perovskites have emerged as a promising alternative
to existing semiconductor materials in many applications due to its appealing
properties. Despite perovskite huge potentials in many applications, they are still
suffering from different kinds of stability issues that are hindering their market-
ability. Several attempts to stabilize perovskites including polymer encapsulations
and inclusions of perovskite materials into polymer matrices due to the stability
against moisture that the polymer can offer. Nevertheless, the polymer is acting as
an unreactive component without any role into enhancing the optical properties of
the studies metal halide perovskite. This study examines the incorporation of the
polymer BUTVAR (polyvinyl butyral [PVB]) in the production of various perovskite
structures at room temperature: CsPbBr3, Cs,PbBrs, FAPbBr3;, and MAPbBr;. The
study demonstrates that the incorporation of the polymer solution enhances the
optical characteristics and improves the shape uniformity of the resultant
perovskite material without altering the inherent structure of the original perovskite
material. Furthermore, it improves the durability of the acquired particles against

perovskites with ABX;  stoichiometry
(A=CH;NH,", CH(NH,),", Cs*,
B=Pb*" or Sn*", and X=CI", Br~ or I")
have emerged as promising alternatives to
replace existing semiconductor materials.
These perovskites exhibit improved device
performance and possess distinctive optical
characteristics. The optical characteristics
are a consequence of the efficient transport
of electrons and holes, remarkable absorp-
tion coefficients throughout a wide range
of wavelengths (e.g., 380-750 nm)," and
exceptional quantum yields (QYs) for
photoluminescence (PL).**! Therefore, this
property makes the material extensively
appropriate for optoelectronic and photovol-
taic applications. Moreover, the economical
nature of material synthesis makes perov-

UV irradiation.

1. Introduction

In several fields such as solar water splitting,!™ photovoltaics,*™!
light-emitting diodes (LEDs),® photodetectors,”'” imaging,!"!
and optical displays,**** hybrid organic/inorganic halide
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skite materials a feasible alternative for exist-
ing semiconductor materials."

Despite perovskite materials’ consider-
able potential for optic and electrical appli-
cations across a diverse range of domain sizes, their poor stability
against moisture, UV-vis irradiation, and heat limits their prac-
tical use in devices.

Small molecule ligands are widely employed in the controlled
production of perovskite nanocrystals (NCs)."2'7~1%! It has been
proven that implementing certain ligands enhances the stability
of perovskite NCs. The inclusion of these ligands has the poten-
tial to improve the QY and PL characteristics, thereby bolstering
the colloidal solution’s general stability. The ionic structure of
perovskite crystals, combined with the dynamic nature of small
molecule ligand binding to the perovskite surface, continues to
impose challenges related to agglomeration and diminished sta-
bility against environmental variables.”*”!

It has been demonstrated that postsynthetic encapsulation of
ABX; perovskites in polymer matrix enhances long-term stability
while preserving optical characteristics.** ") The application of
a thin, passivating layer of poly(methyl methacrylate) was shown
to effectively inhibit moisture absorption and sustain the high-
power conversion efficiency (PCE) of manufactured solar cells.!*”)
Furthermore, poly(styrene) was employed as a capping layer
to fabricate an inner-encapsulated perovskite solar cell with
improved PCE. In both instances, the polymers used in the
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fabrication of composite perovskite/polymer solar cells enhance
the device’s performance by serving as an inert constituent for
previously produced crystals, thereby increasing the overall
material’s stability. In addition, Wang et al. described a method
of microencapsulation to prepare evenly distributed organic—
inorganic hybrid perovskite NCs in polymer matrices by utilizing
a polymer-solvent swelling—deswelling phenomena. The PL effi-
ciency of the film remained constant when exposed to boiling
water for a period of 60 days.*® The studies conducted by
Wei et al. Xuan et al. and Papagiorgis et al. demonstrated that
perovskite NCs were produced by hot injection and integrated
with small molecule ligands oleylamine (OAm) and oleic acid
(OA) in various polymer matrixes. These investigations demon-
strated that encapsulating the NCs with a polymer after synthesis
reduced their degradation and, in certain instances, enhanced
the efficacy of photoconversion. Nevertheless, the incorporation
and distribution of perovskites in the majority of polymers rely
on the assumption that polymers are nonreactive constituents,
therefore restricting the potential for improving the optical char-
acteristics of the materials by cooperative interactions between
the polymer and inorganic components.?*?**! Furthermore,
Manav et al. have used polymer coating/encapsulation with
CsPbBr; nanoparticles as a way of enhancing the water stability
of the perovskite nanoparticles and to limit the lead toxicity at the
same time for bioimaging application.*®!
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Figure 2. a) SEM image of CsPbBr; synthesized without the polymer.
b) SEM image of CsPbBr; synthesized with the addition of polymer.
c) Histogram comparing the particle size distribution of each kind of
the particles with and without the polymer.
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Figure 1. a) Normalized PL emission spectrum of CsPbBr; with and without the addition of the polymer; the emission is recorded at excitation 365 nm.
b) TrPL decay of CsPbBr; with and without the addition of the polymer. c) XRD spectrum of CsPbBr; with and without polymer.
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Figure 3. Film degradation of CsPbBr; with and without polymer; the deg-
radation was performed with LED light of 375 nm wavelength and power of
250 mA; the emission was recorded at the peak maximum of each sample
for 180 min.

Moreover, Jiang et al. have tested a few types of polymers to be
used as dopant for perovskites films used in solar cells, which
resulted in enhancement in the film morphology and device
stability; their study focused on MAPbI3.*®! In addition, another
study by Arivunithi et al. used a side-chain liquid crystalline poly-
mer to be incorporated as a dopant into the perovskite film;

www.aem-journal.com

doped films have showed improved air stability and decreased
trap state density. Doped perovskite films were used to achieve
perovskite solar cells with higher efficiency and long-term stabil-
ity. They conducted that the side-chain liquid crystalline polymer
acted as a bridge between grains for effective charge transfer
which enhanced the final device stability.*”

In our previous study,’! we found that the addition of poly-
mer to the precursor solution during the colloidal synthesis pro-
cess of Cs4PbBr has significantly enhanced the purity and the
QY of the desired product, which also enhanced the performance
of the Cs,PbBrg as a downshifting layer when compared to the
same particles prepared without the addition of the polymer.
The addition of the polymer to the precursor solution was
inspired by previous studies,***3! where they added the polymer
solution during the film fabrication, which enhanced the film
transparency and thus the solar cells performance. However,
we adopted the polymer solution incorporation differently to
be used during the colloidal synthesis process.

Herein, we further continue our study to include the inves-
tigation of the addition of the same polymer (BUTVAR B-98
(polyvinyl butyral [PVB])) to the synthesis of several perovskite
structures at room temperature: CsPbBrs, Cs,PbBrs, FAPDBrs3,
and MAPbBr;. Our study proves the ability of the addition of
the polymer solution to enhance the optical properties and increase
the shape uniformity of the obtained perovskite material without
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Figure 4. a) Normalized PL emission spectrum of CsPb,Brs with the polymer (red line) and without the polymer (black line); the emission is recorded
at excitation 365 nm. b) TrPL decay of CsPb,Brs with the polymer (red line) and without the addition of the polymer (black line). c) XRD spectrum of

CsPb,Brs with the polymer (red line) and without polymer (black line).
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changing the native structure of the starting perovskite material in
addition to enhancing the stability of the obtained particles against
UV irradiation.

2. Results and Discussion

CsPbBr; was synthesized at room temperature using the
reverse microemulsion method.** In order to study the effect
of the polymer addition to the perovskite particles synthesis,
two samples of each material were prepared: one without
the polymer following the original synthesis recipe and
another one after mixing the polymer with the precursor
containing solution. Each sample is characterized optically
via measuring the PL emission and structurally via recording
the X-ray diffraction (XRD) spectrum of both of the samples
before and after the addition of polymer. As shown in
Figure 1, the addition of the BUTVAR polymer to the
CsPbBr; resulted in a blueshift of the PL emission spectrum
toward a shorter wavelength, indicating a reduction in particle
size (Figure 1la). Moreover, the time-resolved PL (TrPL)
(Figure 1b) shows an increase in the decay time for the par-
ticles synthesized with the polymer. This increase in the decay
time suggests that the excitons in the polymer-modified par-
ticles have a longer lifetime, which can be attributed to
reduced nonradiative recombination processes due to surface
defect passivation. The enhancement in the PL QY (PLQY) of
10% for the particles prepared with the polymer compared to
those synthesized without it further supports this conclusion.
The increase in both TrPL decay time and PLQY indicates that
the polymer acts as a passivation layer, effectively reducing
surface defects that typically act as nonradiative recombination
centers.

Furthermore, the XRD spectrum (Figure 1c) shows no signif-
icant difference in the crystal structure of the particles before and
after the addition of the polymer, confirming that the polymer
addition did not alter the material’s intrinsic structure. The
observed effects are thus attributed to surface passivation and
the additional confinement provided by the polymer.

In addition to the optical characterization of the particles, scan-
ning electron microscopy (SEM) images were also recorded for
the CsPbBr; particles with and without addition of the polymer
as shown in Figure 2. Figure 2a is an SEM image of the particles
synthesized without the polymer, while Figure 2b is an SEM
image of the particles synthesized with the polymer added to
the precursor containing solution. From both images it could
be visually observed that the addition of the polymer in the
synthesize caused the overall particles size to be smaller and
more uniform. Figure 2c is a histogram comparing the sizes
of both samples with and without the polymer; each image
was processed with Image] software and the sizes of the particles
were measured using the same software. From the histogram it
could be seen that the average particle size in case of particles
synthesized without polymer is 78.6 nm, while the average par-
ticle size in case of particles synthesized with polymer is 52.9 nm.
Moreover, the graph in Figure 2c is showing a wider range of
particle sizes distribution in case of the particles without poly-
mer, while the sizes distribution in case of particles with polymer
is getting narrower.
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In order to test how the addition of the polymer will affect
the material photostability, a degradation experiment of the
films of both kind of particles with and without the polymer;
as shown in Figure 3; in case of CsPbBr; prepared with-
out the polymer the emission shows an abrupt decay at the
beginning of degradation followed by a steady emission till
the end, while in the case of the sample prepared with the addi-
tion of the polymer the emission decay in the beginning is less
sharp than the other sample and there is an observed self-
healing behavior of the emission afterward.

The second investigated lead halide perovskite is CsPb,Brs,
which was also synthesized at room temperature using the reverse
microemulsion method following the previously published
method.*¥ To synthesize the samples with polymer, 20 uL of
0.1gmL™' BUTVAR (PVB) polymer stock solution was added to
the PbBr, containing solution following the addition of the OA
and OAm ligands as described in the Experimental Section. In
order to understand the effect that the polymer addition is causing
to the CsPb,Brs particles, two samples were prepared: one with the
addition of the polymer and one without the polymer following the
published synthesis method and both were characterized optically
and structurally in addition to taking the SEM images of both sam-
ples with and without the polymer. Finally, films of each sample
were degraded under UV light to see the effect of the polymer
addition on the UV stability of the material.

As shown in Figure 4; the same trend that was observed in
case of CsPbBrj is also observed in case of CsPb,Brs. Mainly,
the sample with the polymer is showing a blueshift to shorter
emission wavelength, as shown in Figure 4a, which is an indica-
tion of the size reduction of the nanoparticles, Also, the TrPL decay
is showing an increment in the decay time in case of the particles
synthesized with the polymer when compared to the particles
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Figure 5. a) SEM image of CsPb,Brs without polymer. b) SEM image of

CsPb,Brs with polymer. c) Histogram comparing the particle sizes of each
sample and calculating the average particle size in each of them.
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Figure 6. Film degradation of CsPb,Brs with polymer (red line) and
without polymer (black line); the degradation was performed with LED
light of 375 nm wavelength and power of 250 mA; the emission was
recorded at the peak maximum of each sample for 180 min.

synthesized without the polymer as shown in Figure 4b. As a result
of the surface passivation, the polymer is adding to the perovskite
nanoparticles. The PLQY of the particles with the polymer is show-
ing an increment of 28% when compared to the particles without
the polymer. Moreover, the XRD curves in Figure 4c of the particle
with and without polymers are identical, which proves that the
observed effects are due to the surface passivation of the particles
without changing the particle’s native structure nor forming new
species as a result of the polymer addition.
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Figure 8. a) SEM image of FAPbBr; synthesized without the polymer
(scalebar 600 nm). b) SEM image of FAPbBr; synthesized with the
addition of polymer (scalebar 300 nm). ¢) Histogram comparing the particle
size distribution of each kind of the particles with and without the
polymer.
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Figure 7. a) Normalized PL emission spectrum of FAPbBr; with and without the addition of the polymer; the emission is recorded at excitation 365 nm.
b) TrPL decay of FAPbBr; with and without the addition of the polymer. c) XRD spectrum of FAPbBr; with and without polymer.
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Figure 9. Film degradation of FAPbBr; with polymer (red line) and without
polymer (black line); the degradation was performed with LED light of
375 nm wavelength and power of 250 mA; the emission was recorded
at the peak maximum of each sample for 180 min.

Figure 5 is showing the SEM images of CsPb,Brs with and
without polymer from Figure 5a,b. It could be visually observed
that the particles synthesized with addition of polymer are
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smaller in size and with less variation in the size; calculations
offered by the histogram in Figure 5c are a further confirmation
that the average particle size in case of particles without polymer
is around 131.5 nm, while the average particle size in case of the
particles with polymer is around 51 nm.

The stability against UV-light irradiation was tested as well for
both samples with and without polymer as shown in Figure 6. It
is also observed that the CsPb,Brs containing polymer is having a
higher emission and is also showing higher self-healing which is
shown by the emission increment at some points after UV-light
irradiation.

Moreover, the effect of polymer addition to the precursor solu-
tion was also examined in case of organic-inorganic metal halide
perovskite at room temperature. Mainly, FAPbBr; and MAPbBr3
were both synthesized using the LARB method and for each
material a sample without the polymer using the original previ-
ously published method was taken as a reference.

FAPbBr; was synthesized according to the previously pub-
lished protocol;®*! for the sample containing polymer, 10 uL
of the polymer stock solution was added to the precursor
and ligand containing solution and mixed by sonication
prior to the solution injection into the chloroform antisolvent.
Optical and structural characterization results in Figure 7 are
showing similar effect due to the polymer addition as shown
in case of both all-inorganic metal halide perovskites discussed
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Figure 10. a) Normalized PL emission spectrum of MAPbBr; with and without the addition of the polymer; the emission is recorded at excitation 365 nm.
b) TrPL decay of MAPbBr; with and without the addition of the polymer. c¢) XRD spectrum of MAPbBr; with and without polymer.

Adv. Eng. Mater. 2025, 27, 2402713 2402713 (6 of 9)

© 2025 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH

85U807 SUOWWIOD dA1RRID 3ot jdde au) Aq pausenob ae ssjoe WO ‘88N 4O s|ni 1o} AreiqITaUIIUO 8|1 UO (SUONIPUOD-PUE-SWLBIALID A8 1M A1 1[BU|UO//SHNY) SUONIPUOD pUe SWLB | 3U) 88S *[5202/50/T2] Uo A%iqiauluo AB|IM ‘elted 4oKesssy HGWD Yol wnnuezsbunyasiod Aq £T220v202 Wepe/z00T OT/10p/wod A 1M Ae.q 1 pul|uo"peouenpe//sdny wolj pepeojumod ‘6 ‘G20 ‘8792.2ST


http://www.advancedsciencenews.com
http://www.aem-journal.com

ADVANCED
SCIENCE NEWS

ADVANCED
ENGINEERING
MATERIALS

www.advancedsciencenews.com

previously (CsPbBr;, CsPb,Brs). Therefore, we can also con-
clude that the polymer acted as a surface passivation layer in
the case of FAPbBr; as well.

Furthermore, the SEM images at Figure 8a,b are showing the
particle size reduction after the polymer addition. The histogram
in Figure 8c is showing that the average particle size has reduced
from 266.5nm in case of the particles without polymer to
94.9 nm in case of the particles with polymer, with a narrower
range of particle size distribution in case of FAPbBr; synthesized
with the addition of polymers.

Figure 9 is showing the film degradation of FAPbBr; under
UV-light irradiation; higher resistance is observed for the
FAPDbBr; with polymer (red line) when compared to the one
without polymer (black line).

Same systematic investigation was used to examine the
effect of the polymer addition to the MAPbBr; synthesis.
Figure 10a is showing that the addition of polymer caused
the PL emission peak to be shifted to a shorter wavelength
which indicates more confinement; also, the increment of
the decay lifetime in Figure 10b is indicating more surface pas-
sivation and less traps and the XRD in Figure 10c is showing
that both curves with and without polymer are identical which
confirm that polymer addition did not change the structure of
the material.

Furthermore, the SEM images at Figure 11a,b are showing the
particle size reduction after the polymer addition. The histogram
in Figure 1lc is showing that the average particle size has
reduced from 36 nm in case of the particles without polymer
to 28 nm in case of the particles with polymer, with a narrower
range of particle size distribution in case of MAPbBr; synthe-
sized with the addition of polymers.

MMAPDBY; with polymer

without polymer. 36.65502 ] __11.59589

25 With polymer 25.17608 534542
[ | MAPDBr, without polymer
20 [ |MAPbBr, with polymer
-
=
2 15
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Figure 11. a) SEM image of MAPbBr; synthesized without the polymer.
b) SEM image of MAPbBr; synthesized with the addition of polymer.
c) Histogram comparing the particle size distribution of each kind of
the particles with and without the polymer.
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Figure 12. Film degradation of MAPbBr; with polymer (red line) and with-
out polymer (black line); the degradation was performed with LED light of
375 nm wavelength and power of 250 mA; the emission was recorded at
the peak maximum of each sample for 180 min.

The UV-light stability was also tested for MAPDbBr;. Figure 12
is showing that the sample with polymer had more resistance
against UV-light irradiation with less abrupt degradation in
the beginning of the irradiation time unlike the sample without
the polymer.

3. Conclusion

In this work, we tested the effect of adding BUTVAR polymer to
the precursor solution during the synthesis of lead halide perov-
skite at room temperature. Several types of lead halide perovskite
materials were examined in this study: CsPbBr;, CsPb,Brs,
FAPDBr;, and MAPDBr;.

A constant trend was observed in case of all the studied mate-
rials that polymer addition helped in decreasing the particle size,
adding more confinement, and decreasing the surface traps, thus
enhancing the PLQY. Moreover, we believe that the particles syn-
thesized with the polymer are more easily dispersed into the
binder solution of the same polymer which is resulting in more
stable inks for optical applications that require dispersing light
converting materials into transparent and inert polymer binder.

4. Experimental Section

Materials: Lead (II) bromide (PbBr,, 98%), cesium carbonate
(Cs,CO5, 99%), N,N-dimethylformamide (DMF, 99.8%), OAm (90%),
anhydrous n-hexane (99.98%), chloroform (>99%), HBr (48%), and poly-
vinyl butyral (BUTVAR B-98) were purchased from Sigma-Aldrich.
OA (97%) was purchased from VWR Chemicals. Formamidinium bromide
(FABr) and methylammonium bromide (MABr) were purchased from
Great Cell Solar.

CsPbBr; Synthesis: Perovskite NCs were synthesized using a room
temperature method that was previously published.?* Briefly, the precur-
sors Cs-oleate was prepared independently; 2.25g of Cs,CO; and
21.5mL of OA were mixed and degassed at 130°C in a vacuum for 1h
to produce a yellowish stock of Cs-oleate precursor. Synthesis of
CsPbBr; NCs was achieved by introducing 25 pL of Cs-oleate precursor,
10 mL of n-hexane, and 5 mL of OA into a 50 mL flask. A solution containing
11.01 mg of PbBr, dispersed in TmL DMF (0.03M PbBr;, DMF), 2 pL of
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HBr (48%), 0.1 mL of OA, and 0.05 mL of OAm was produced in a separate
bottle and added to the first flask while stirring vigorously. Following the
observed color change from white to green within 10 min, the NCs were
collected by centrifugation at 8000 revolutions per minute for 3 min. The
NCs were then dispersed in 2 mL of chloroform for further analysis.

For the samples with polymer, a stock solution of BUTVAR (PVB) in
DMF was prepared with the concentration of 0.1 g mL™"; 20 pL of the poly-
mer solution was mixed with the PbBr, solution and the OA and OAM
before the addition to the Cs-Oleate containing solution.

CsPb,Brs Synthesis: CsPb,Brs NC synthesis was done following the
same method used for CsPbBr;, with changing the amount of Cs-oleate
precursor used to be 10 uL and the HBr to be 1 pL. Briefly, the synthesis of
CsPb,Brs NCs was achieved by introducing 10 pL of Cs-oleate precursor,
10 mL of n-hexane, and 5 mL of OA into a 50 mL flask. A solution contain-
ing 11.01 mg of PbBr, dispersed in 1 mL DMF (0.03M PbBr;, DMF), 1 pL
of HBr (48%), 0.1 mL of OA, and 0.05 mL of OAm was produced in a
separate bottle and added to the first flask while stirring vigorously.
Following the observed color change from white to green within
10 min, the NCs were collected by centrifugation at 8000 revolutions
per minute for 3 min. The NCs were then dispersed in 2 mL of chloroform
for further analysis. XRD analysis was used later to confirm the successful
synthesis process of the required stoichiometry.

For the samples with polymer, a stock solution of BUTVAR (PVB) in
DMF was prepared with the concentration of 0.1 g mL™"; 20 uL of the poly-
mer solution was mixed with the PbBr, solution and the OA and OAM
before the addition to the Cs-Oleate containing solution.

FAPbBr; Synthesis: Was synthesized at room temperature using a pre-
viously published method.?*! Briefly, a 0.1 mM solution was formed by
dissolving FABr (0.0112g, 0.1 mmol) and PbBr, (0.0367, 0.1 mmol) in
1 mL of DMF. Next, 20 uL of OA and 20 pL of OAm were introduced.
Following that, 200 L of this combination was introduced into 6 mL of
chloroform. Immediate formation of bright green-emitting NCs occurred.
Purification was achieved by precipitating the resulting nanocrystal solu-
tion with 3 mL of toluene and then centrifuging it at 9000 rpm for 2 min.
The resulting NCs were completely dispersed in 3 mL of nonpolar volatile
solvents including hexane, toluene, chloroform, and others. All experi-
ments in this work used chloroform.

For the samples with polymer, a stock solution of BUTVAR (PVB) in
DMF was prepared with the concentration of 0.1gmL™"; 20 L of the
polymer solution was mixed with the precursor containing solution and
the OA and OAM before the addition to the antisolvent.

MAPbBr; Synthesis: Was synthesized at room temperature using a
previously published method®® with slight modifications. Briefly,
CH3NH;Br (0.0112 g, 0.1 mmol) and PbBr, (0.0367, 0.1 mmol) were dis-
solved in 1 mL of DMF to produce a 0.1 mM solution. Then, 20 pL of OA
and 20 pL of OAm were added. Furthermore, 200 pL of this mixture was
introduced into 6 mL of either toluene or chloroform. Instantaneous for-
mation of bright emitting nanoparticles was observed. Purification was
achieved by precipitating the resulting particles solution with 3 mL of tol-
uene and then centrifuging it at 9000 rpm for 2 min. The resulting nano-
particles were dispersed in chloroform.

For the samples with polymer, a stock solution of BUTVAR (PVB) in
DMF was prepared with the concentration of 0.1gmL™"; 20 L of the
polymer solution was mixed with the precursor containing solution and
the OA and OAM before the addition to the antisolvent.

Characterizations: XRD: XRD studies were conducted using a Panalytical
X'pert powder diffractometer with a Cu Ka radiation intensity of 1.5406 A,
employing a typical ex situ Bragg-Brentano geometry. For each measure-
ment, a concentrated chloroform solution containing NCs was applied by
drop casting onto a glass substrate.

Characterizations: Optical Characterization: The emission spectra of
the nanocrystalline dispersions were determined using a Jasco FP8500
spectrofluorometer.  Fluorometer's  wavelength-dependent  spectral
responsivity was accounted for in the correction of the emission spectra.

Characterizations: The Quantum Efficiency of PL: The quantum efficiency
of PL was quantitatively determined using the methodology described by
de Mello et al.® The samples were affixed on a 3.3inch integrating
sphere, which was connected to an Avantes spectrometer using fiber
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optical cables. Spectra of the samples, stimulated by a 405 nm laser diode,
were adjusted to account for the equipment’s spectral sensitivity, which
was evaluated using a calibrated Xe lamp from Hamamatsu.

Characterizations: TrPL decay: The decay curves of PL were measured
using a Fluotime 300 spectrometer manufactured by PicoQuant
GmbH. The measurements were performed by stimulating the sample
using a pulsed diode laser that emitted the light at a wavelength of
402 nm. The energy flow density measure 0.5 pj per square centimeter.

Characterizations: SEM Scanning Techniques: The SEM images were
captured using a Carl Zeiss field-emission microscope operating at a volt-
age of 5 kV. Each measurement involved drop casting a diluted chloroform
solution of NCs onto a silicon wafer substrate and then annealing at 60 °C
to evaporate the solvent.

Characterizations: Photostability Test/Degradation: In order to perform
the degradation of the samples, an LED lamp of wavelength 375 nm
was installed inside the sample chamber of the Jasco FP-8500 fluorometer
as an excitation source. The sample in form of a film was placed inside the
sample holder of the fluorometer and PL intensity at the peak wavelength
of the sample was recorded by Jasco FP-8500 during irradiation.
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