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ABSTRACT: Recently emerged lead halide perovskite CsPbX; (X = Cl, Br, and I) nanocrystals (PNCs) have attracted tremendous
attention due to their excellent optical properties. However, the poor water stability, unsatisfactory luminescence efficiency,
disappointing lead leakage, and toxicity have restricted their practical applications in photoelectronics and biomedical fields. Herein,
a controllable encapsulated strategy is investigated to realize CsPbX; PNCs/PVP @PMMA composites with superior luminescence
properties and excellent biocompatibility. Additionally, the synthesized CsPbBr; and CsPbBr¢l, ;, PNCs/PVP@PMMA structures
exhibit green and red emissions with a maximal photoluminescence quantum yield (PLQY) of about 70.24% and 98.26%,
respectively. These CsPbX; PNCs/PVP@PMMA structures show high emission efliciency, excellent stability after water storage for
18 months, and low cytotoxicity at the PNC concentration at 500 ug mL™". Moreover, white light-emitting diode (WLED) devices
based on mixtures of CsPbBr; and CsPbBry4l, , PNCs/PVP@PMMA perovskite structures are investigated, which exhibit excellent
warm-white light emissions at room temperature. A flexible manipulation method is used to fabricate the white light emitters based
on these perovskite composites, providing a fantastic platform for fabricating solid-state white light sources and full-color displays.

KEYWORDS: lead halide perovskites, perovskite nanocrystals, excellent stability, superior biocompatible, white light-emitting diodes
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Figure 1. Flow diagram of the CsPbX; PNCs/PVP@PMMA structure prepared by the core-interfacial layer-shell structures. The middle panel
exhibits a schematic drawing of a CsPbX; PNCs/PVP@PMMA structure after encapsulation.

Figure 2. Structural characterization of the CsPbBr; PNCs/PVP@PMMA composites. (a) Low-resolution TEM image of the CsPbBry; PNCs/
PVP@PMMA structures. Inset shows the average size distribution of PNCs. (b) HR-TEM image of the CsPbBr; PNCs/PVP@PMMA. (c) Low-
resolution TEM image of the CsPbBr; PNCs/PVP@PMMA powders. (d) HR-TEM images of the CsPbBry PNCs/PVP@PMMA powders. (e)
Low- and (f) high-resolution SEM images of the CsPbBry; PNCs/PVP@PMMA powders. (f,—f;) Two-dimensional (2D) elemental mapping of the

composite powders.

encapsulation methods, as eflicient and straightforward
methods, show great potential to improve the environmental
stability of PNCs. For example, TiO,,'*™"* AlO,""™*' and
$i0,,*7** could be used as the protective layer materials to

isolate the PNCs from moisture and oxygen. However,
realizing the oxide encapsulation process is still challenging
due to time-consuming and uncontrollable hydrolysis reac-

tions, lead leakage, and water molecule erosion.
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Figure 3. Optical characterization of the composition-tunable colloidal CsPbX; PNCs/PVP@PMMA structures. (a) PL emission spectra of the
tunable composition of lead halide perovskite nanocrystals. (b) Optical photographs of the CsPbX; PNCs/PVP@PMMA structures and
corresponding powders under room light (upper) and a 365 nm UV light illumination (bottom), respectively. (c) XRD patterns of the CsPbBr;
PNCs/PVP@PS and CsPbBr; PNCs/PVP@PMMA powders. (d) FTIR spectrum of CsPbBr; PNCs/PVP@PMMA structures.

Flexible and superior hydrophobic polymers such as
polystyrene (PS),”°"*° poly(vinylidene fluoride)
(PVDF),**™* polydimethylsiloxane (PDMS),”* and poly-
(methyl methacrylate) (PMMA)**™*" could be used as
encapsulation materials, which allow the PNCs to survive in
in vitro and in vivo aqueous environments with high
luminescence efficiency but no lead leakage. For example, in
2017, Zhang et al. reported a water-resistant microhemisphere
strategy via embedding PNCs into the PS matrix for multicolor
luminescence probes in live cells.”® In 2018, Wang et al.
designed a spray-assisted coil-globule transition method to
encapsulate CsPbBr; PNCs into PMMA polymer nanospheres
for cell imaging.7 In 2020, Liu et al. designed core—shell
PNCs/polymer nanospheres through an inverse emulsion
method for advanced data encryption application.3° In 2022,
Wu et al. used poly (lactic-co-glycolic acid) (PLGA)-
encapsulated PNCs as biological probes for rapid imaging of
glioma cells.”® Despite the efforts of scientists, it is still very
challenging to realize highly stable, waterproof, small-sized
nanoparticles with a high luminescence efficiency. Thus, there
is an urgent need to propose a strategy to achieve encapsulated
PNCs with high water resistance, high fluorescence efficiency,
low lead leakage, and high biocompatibility.

In this work, we report an encapsulation strategy to fabricate
CsPbX; (X = Cl, Br, and I) PNCs/PVP@PMMA structures by
embedding CsPbX; PNCs into PMMA matrices. The
synthesized CsPbX; PNCs/PVP@PMMA structures exhibit

high stability and excellent fluorescence properties due to the
controllable modulation of n-hexane. Additionally, the
obtained CsPbBr; PNCs/PVP@PMMA structures emit green
emissions with a PLQY of 70.24%, while the CsPbBrygl, ,
PNCs/PVP@PMMA phosphors show an optimal PLQY of
98.26%, which demonstrates an excellent potential for
biophotoelectric applications. Moreover, the synthesized
CsPbX; PNCs/PVP@PMMA structures show exceptional
performance in cell imaging and white-light LED devices
with red-green-blue emissions, water resistance, and free lead
leakage. All these results may provide an excellent platform for
fabricating future solid-state white light sources and full-color
displays.

Bl RESULTS AND DISCUSSION

Figure 1 illustrates the strategy for synthesizing the core-
interfacial layer-shell structure of CsPbX; PNCs/PVP@
PMMA particles with biocompatible and waterproof shells,
which can be used for both bioimaging and LED applications.
The N,N-dimethylformamide (DMF) precursor solution of
CsBr and PbBr, was injected into a dichloromethane (DCM,
low polarity) solution containing polyvinyl pyrrolidone (PVP)
to form PVP-coated CsPbBr; PNCs at room temperature
under vigorous stirring. PVP acts as the capping ligands to be
physically absorbed on the surface of PNCs to form a
protective layer, which not only enables PNCs to stabilize in
DCM solution and controls the particle size of PNCs but also
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acts as an interfacial layer to be compatible with outer-PMMA
polymers. The washed PVP-coated CsPbX; PNCs were then
redispersed in a mixed solution of PMMA and DCM. Then,
CsPbBr; PNCs/PVP@PMMA precipitates were formed by
adding antisolvent n-hexane into the mixed solution at an
optimal feeding ratio of 6:1 (Figure S1). After that, they were
dried overnight at room temperature and then ground with a
mortar and pestle to obtain the composite powders.

To demonstrate the formation process of the water-
resistance and biocompatible core-interfacial layer-shell
PNCs/PVP@PMMA structures, transmission electron micros-
copy (TEM) is used to characterize their microstructures at
each stage. The TEM images and the inset size distribution are
shown in Figure 2a, which exhibit that the CsPbBr; PNCs have
been synthesized before the addition of the n-hexane solvent,
and they possess a regular cubic morphology with an average
edge length of 56.8 nm. In Figure 2b, the high-resolution TEM
(HR-TEM) image demonstrates well-defined lattice fringes
with the interplanar spacing of 0.58 nm, assigned to be the d-
spacing of the (001) crystalline plane of cubic phase perovskite
CsPbBr;. A distinct thin shell can be observed in the enlarged
CsPbBr; nanocubes, which is speculated to be due to the
adsorption of PVP/PMMA colloidal polymers on the surface
of PNCs, thereby facilitating the stable dispersion of CsPbBr;
PNCs/PVP@PMMA without aggregation in weakly polar
DCM. The TEM images of CsPbX; PNCs/PVP@PMMA
composite powders were obtained by drop-casting the dilute
ethanol solution onto ultrathin carbon-coated copper grids and
drying them under an ambient atmosphere. The TEM images
of CsPbBr; PNCs/PVP@PMMA in Figure 2c¢ demonstrate
that cubic CsPbBr; PNCs are uniformly embedded in the
robust polymers, protecting them against outside ethanol
invasion and electron beam irradiation. The interplanar
spacing of a selected nanocube in a polymeric matrix is 0.42
nm, corresponding to the (110) crystalline plane of cubic
phase CsPbBr;. Figure S2 (Supporting Information) shows the
HR-TEM images of CsPbCl,,Br, g and CsPbBr,4l,, PNCs/
PVP@PMMA powders in ethanol, illustrating that the PNCs
are fully encapsulated with the polymers. As depicted, the
PNCs have lattice fringes with spacing distances of 0.398 and
0.419 nm for CsPbCl,,Br, ¢ and CsPbBry,l,, PNCs/PVP@
PMMA, respectively. The surface topography of CsPbBr;
PNCs/PVP@PMMA composites was also investigated by
SEM (Figure 2e,f), from which it can be seen that the
dispersed grains have approximately uniform sizes. Addition-
ally, the energy-dispersive X-ray spectroscopy (EDS) mapping
of CsPbBr; PNCs/PVP@PMMA is collected to identify the
core—shell structure, as shown in Figure 2f,—fs. The C, N, and
O elemental distributions show precise grain boundary profiles,
mainly from the polymer shell layer formed by cross-linking
interactions. The signals of Cs, Pb, and Br elements associated
with the CsPbBr; PNCs have blurred boundaries and mainly
originate from the inner-core regions of the grains, indicating
that the polymer shell can completely encapsulate the PNCs.

The optical properties of the colloidal CsPbX; PNCs/PVP@
PMMA (X = Cl, Br, I, or their mixture) can be tuned over the
entire visible spectral range by varying the halide compositions.
As shown in Figure 3a and Figure S3 (see Supporting
Information), the PL emission and absorption spectra with
different halogen ratios are plotted, respectively. It can be seen
that the PL emission peaks can be continuously tuned from
429 to 677 nm, with the narrow fwhm changing from 16 to 27
nm, accordingly. These narrow emission peaks reveal an

excellent homogeneity of size distribution and monochroma-
ticity of colloidal CsPbX; PNCs/PVP@PMMA nanocrystals.
The absorption spectra exhibit a regular blue or red shift,
depending on the variation of the halogen compositions.
Figure 3b presents the optical photographs of colloidal CsPbX;
PNCs/PVP@PMMA and corresponding CsPbX; PNCs/
PVP@PMMA powders with different halogen-dependent
compositions under room light (upper) and 365 nm UV
light (bottom), respectively. Therefore, the synthesized
multicolor polymer-encapsulated PNCs hold great potential
for optoelectronic applications, such as multicolor bioimaging,
cell tracing, high-resolution displays, and indoor illumination.
The measured absolute PLQY in DCM solution is only about
13.38% before CsPbBr; PNCs/PVP@PMMA solid precipitates
formed. Thus, the relatively low light output could be ascribed
to the reabsorption and multiple scattering effects caused by
the assembled suspension of the cross-linked polymers and
PNCs. Interestingly, the enhanced PLQY was acquired when
the milled CsPbX; PNCs/PVP@PMMA powders were
dispersed in a toluene solvent. In particular, the CsPbBr;
PNCs/PVP@PMMA powders in toluene emit green emissions
with an improved PLQY of 70.24%, while the red-emitting’’
CsPbBry4l, , PNCs/PVP@PMMA phosphors have a strikingly
optimal PLQY as high as 98.26%. This observation is
attributed to the effective defect passivation of the PVP
interfacial layer and the protective effect of the outer shell layer
on isolating the internal PNCs from the environment.

To further demonstrate the crystalline structure of the
CsPbBr; PNCs/PVP@PMMA composites, the X-ray diffrac-
tion (XRD) patterns were acquired as shown in Figure 3c. The
XRD patterns of CsPbBr; PNCs/PVP@PS as a control
experimental group were also examined to understand the
encapsulation effect of the polymer materials. It can be seen
that all diffraction peaks coincide well with the standard
PDF#54—0752 card of cubic phase CsPbBr;. Both CsPbBr;
PNCs/PVP@PS and PNCs/PVP@PMMA composites exhibit
strong characteristic diffraction peaks at 15.1°, 21.4° and
30.6°, corresponding to the (100), (110), and (200) planes of
CsPbBr; perovskite nanocrystals, respectively. All of these
results indicate that CsPbBr; perovskite nanocrystals always
maintained the cubic phase even after the two-step
encapsulation process. Also, a broad diffraction band ranging
from 15° to 23° in the XRD pattern of the CsPbBr; PNCs/
PVP@PS is associated with the presence of excess polymers.

The Fourier transform infrared spectroscopy (FTIR) was
used to confirm the presence of PVP, which adsorbed to the
PNCs and cross-linked with the PMMA outer polymer layer,
producing a passivation effect on the surface defects and
improving the crystalline quality of the PNCs (Figure 3d). The
absorption peaks at 2943 and 2852 cm ™" could be ascribed to
the stretching vibration of —CHj; and —CH,, while the peaks at
991, 754, 619, and 1454 cm™! could be assigned to the C—H
bending vibration. The strong 1730 cm™" can be identified as
the C=O carbonyl stretching vibration of the five-membered
cyclic lactam structure of PVP."” Moreover, the band at 1645
cm™ is associated with the C=0 stretching vibration. Finally,
the absorption band at 1253 cm™' is related to the C—N
bending vibration from the pyrrolidone structure of PVP.*"**
The bands at 1149 cm™" are ascribed to the C—O stretching
vibration of the PMMA.** These results indicate the presence
of the cross-linked polymers of PVP and PMMA on the surface
of CsPbBr; PNCs.
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Figure 4. Stability performance of pure CsPbBr; PNCs and CsPbBr; PNCs/PVP@PMMA structures. (a) Full scan of the XPS spectrum. The
insets show the atomic percentages of diversified elements. (b) Storage time-dependent PL spectra of pure CsPbBr; PNCs and (c) CsPbBry PNCs/
PVP@PMMA in deionized water. (d) Normalized PL intensity of pure CsPbBr; PNCs (black triangle) and CsPbBr; PNCs/PVP@PMMA (purple
sphere) in deionized water, (e) acid solution (pH = 1), and (f) alkali solution (pH = 11) as a function of storage time, respectively. Insets are PL
photographs of the CsPbBr; PNCs/PVP@PMMA solutions at different storage times within 39 days under a 365 nm UV-light excitation. (g) fwhm
and PL emission peak wavelength of CsPbBr; PNCs/PVP@PMMA. (h) Time-resolved PL spectra of the pure CsPbBr; PNCs and CsPbBr; PNCs/
PVP@PMMA (as-prepared and after 8 days) in water, respectively. (i) PL spectra of CsPbBry and CsPbBry¢l,, PNCs/PVP@PMMA mixed
solution under a 365 nm UV-light excitation: immediately upon mixture (dotted-line) and 2 days after mixture (solid-line profile filled with color).
The inset illustrates that two mixed composites dispersed in water for 2 days.

To analyze the chemical compositions and states of the
CsPbBr; PNCs/PVP@PMMA, X-ray photoelectron spectros-
copy (XPS) spectra were also performed, as shown in Figure
4a and Figure S4 (see the Supporting Information). The
presence of Cs, Pb, Br, C, N, and O signals is confirmed by the
full scan of the XPS spectrum (Figure 4a). The C, N, and O
elements mainly originate from the coated polymer material
(PVP) and the introduced DMF during the synthesis process.
The measured atomic percentages of Cs, Pb, and Br are 0.08%,
0.05% and 0.28%, respectively, with an atomic ratio of
approximately 1:1:3 (inset in Figure 4a). Based on structural
characterizations, such as HR-TEM images, EDS mappings,
XRD patterns, FTIR spectra, and XPS analysis, it can be
concluded that the CsPbBr; PNCs/PVP@PMMA composites
have been successfully synthesized.

To improve the practical applicability of lead halide
perovskite nanocrystals, the degradation of their fluorescence
properties in polar solvents (water) and acid and alkali aqueous
solutions, which usually exist in organic organisms, should be
addressed as a critical issue. An assumption of encapsulating
CsPbX; PNCs into biocompatible shells to form the CsPbX;
PNCs/PVP@PMMA, the dissociation of CsPbX; into Cs* and
[PbX,]*" in water due to its ionic properties will be

suppressed. To assess the fluorescence stability in different
surroundings of PNCs, the PL spectra and photographs of
PNCs are monitored at various time intervals by dispersing 6
mg of PNC powders into S mL of water, acid, and alkali
aqueous solutions, respectively. In addition, the stability and
luminescence properties of CsPbX; PNCs/PVP@PMMA are
compared in this work, and pure CsPbBr; PNCs as a control
group are also prepared. The PL intensity of pure CsPbBr;
PNCs decreased rapidly and even showed serious quenching
within 8 days upon meeting dejonized water (Figure 4b). In
contrast, the CsPbBr; PNCs/PVP@PMMA abruptly increased
within 5 days and then stayed relatively stable with some
fluctuations within 39 days (Figure 4c). For a clear and
intuitive comparison, the normalized PL intensities of pure
CsPbBr; PNCs and CsPbBr; PNCs/PVP@PMMA dispersed
in solution (based on their respective initial stages) are plotted
as a function of the storage time, as shown in Figure 4d. It is
observed that the relative fluorescence intensity of pure
CsPbBr; PNCs in water dropped to only ~0.25% of the initial
value within 8 days. In contrast, the relative PL intensity of
CsPbBr; PNCs/PVP@PMMA in water is greatly enhanced
over the initial fluorescence intensity value. Afterward, the PL
intensity decreased slightly but remained high, maintaining a
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Table 1. Decay Times of Pure CsPbBr; PNCs and CsPbBr; PNCs/PVP@PMMA in Water and also CsPbBr; PNCs/PVP@
PMMA in Water after 8 days by Tri-exponential Decay Function

sample i 7,(ns)
CsPbBr; PNCs 0.80 11.98
CsPbBr; PNCs/PVP@PMMA 0.36 101.80
CsPbBr; PNCs/PVP@PMMA after 8 days 0.77 11.21

L 7y(ns) I 13(ns) tavc(lls)
0.19 70.63 0.03 543.22 0.25
0.58 17.16 0.08 549.60 0.31
0.20 79.55 0.04 718.85 0.41

fluorescence intensity value of 4.5 times the initial fluorescence
intensity value after 39 days. The insets in Figure 4d show the
PL photographs of CsPbBr; PNCs/PVP@PMMA in water for
different storage times. This result indicates that fluorescence
brightness has the same variation tendency as PL intensity over
time. It is pointed out that the significant enhancement of PL
intensity of CsPbBr; PNCs/PVP@PMMA in water is
attributed to the synergistic effect of the effective passivation
of surface defects from the interfacial layer and the hydro-
phobic interaction from outer-shell polymers. In fact, CsPbX;
PNCs/PVP@PMMA powders, including green CsPbBr;, blue
CsPbCl, ,Br, g, and red CsPbBry¢l,, PNCs/PVP@PMMA in
water can still exhibit bright fluorescence under 365 nm UV-
light excitation even after 18 months of storage in water
(Figure SS, see the Supporting Information). The PLQY of
CsPbBr; PNCs/PVP@PMMA remains at 70.17 and 38.59%
after 30 days and 18 months of storage in water, respectively.
The full width at half-maximum (fwhm) and emission peak of
PL spectra of CsPbBr; PNCs/PVP@PMMA in Figure 4g
exhibit almost unchanged during the 39 days. Figure 4e,f plots
the normalized PL intensity of the pure CsPbBr; PNCs and
CsPbBr; PNCs/PVP@PMMA as a function of the storage
time in acid (pH 1) and alkali (pH 11) aqueous solutions,
respectively. It is found that the PL intensity of the pure
CsPbBr; PNCs is almost quenched when they are immersed in
acid or alkali solutions for 1 h. Nevertheless, the fluorescence
intensity of CsPbBr; PNCs/PVP@PMMA in acid or alkali
solutions exhibits trends similar to that in deionized water.
After 39 days of storage in acidic and alkaline solutions, the PL
intensity increased to approximately 2.1 and 2.5 times the
initial values, respectively. Figure 4e,f insets display the digital
photographs of CsPbBr; PNCs/PVP@PMMA immersed in
acid or alkaline solutions for different monitoring periods.
After 39 days, they can still emit bright green fluorescence
visible to the naked eye under UV light, effectively proving
enhanced resistance to harsh acid and alkali environments. It is
suggested that the polymer shells can effectively prevent the
aggregation of PNCs and block erosion from the external
environment.

The time-resolved PL spectra of the pure CsPbBr; PNCs
and CsPbBr; PNCs/PVP@PMMA are obtained, as shown in
Figure 4h. The decay curves of the time-resolved PL spectra
could be well-fitted by a triple-exponential decay function, as
follows:

I = Ajexp L + A,exp b + Asexp _t
G T 7 (1)

where 7, is the fast component and 7, and 7; the middle and
slow components, respectively. Additionally, A, A,, and A; are
the corresponding amplitudes, representing the respective
proportions of each component (Table 1). It indicates that
there are two main routes in the recombination process: the
fast component 7, is mainly attributed to the radiative
recombination of photons from the conduction band to the
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valence band. While the middle and slow components 7, and 74
are ascribed to the nonradiative recombination of photons
from the conduction band to shallow-level surface defects as
well as from defects to defects, respectively.***> The average
lifetimes (7,,.) could be derived from the following formula:
_ A1T12 + A21'22 + A3T33
A+ Ayt + Agg ()

Tave

The fitted results indicate that the CsPbBr; PNCs/PVP@
PMMA in aqueous solution has an average PL lifetime of
about 0.31 ps, which is longer than that of 0.25 us for the pure
CsPbBr; PNCs. In addition, the lifetime of CsPbBr; PNCs/
PVP@PMMA in water was also detected after 8 days as shown
in Figure 4h, which shows a longer average lifetime of 0.41 us
than that of CsPbBr; PNCs/PVP@PMMA initially in aqueous
solution. Defects are related to nonradiative recombination,
which brings about faster relaxation. The longer average
lifetime of CsPbBr; PNCs/PVP@PMMA compared to pure
CsPbBr; PNCs suggests that the defect density is effectively
reduced due to the coexistence of the interfacial and the outer
shell layer. Thus, the photogenerated excitons are more
inclined to radiative recombination. Additionally, the pro-
longed lifetimes of CsPbBr; PNCs/PVP@PMMA after 8 days
in water as compared to the initial stage also manifests that the
nonradiative recombination is suppressed, which is consistent
with the enhancement of the fluorescence intensity with a
period of storage time. It is worth noting that the CsPbBr;
PNCs/PVP@PMMA has an extremely long average PL
lifetime in the order of microseconds, which is associated
with the large sizes of the PNCs in aqueous solution.** Figure
4i shows the PL spectra of the green CsPbBr; PNCs/PVP@
PMMA and red CsPbBry¢l,, PNCs/PVP@PMMA mixed
solutions under a 365 nm laser excitation. The dashed line
represents the spectrum of the immediately mixed solution,
where the emission peaks at 520 and 645 nm arise from
CsPbBr; PNCs/PVP@PMMA and CsPbBr,¢l,, PNCs/PVP@
PMMA, respectively. The solid line represents the PL emission
spectrum after 2 days. They show similar spectral shapes to the
immediately mixed solution but with a negligible shift in the
peaks due to the relatively long storage time. This result
indicates that the encapsulation effect restrains the halogen
anion exchange reaction. The insets of Figure 4i show the
photograph of the mixed CsPbBr; PNCs/PVP@PMMA with
CsPbBry¢l,, PNCs/PVP@PMMA powders in water after 2
days.

Thus, the chemical stability of CsPbX; PNCs/PVP@PMMA
powders in polar solvents and acid/ alkaline solutions is greatly
improved, and the halide-anion exchange reaction is sup-
pressed. The protective layer formed by the cross-linking
interaction of the long chains PVP and PMMA has typical
hydrophobic properties, which can efliciently isolate the
internal vulnerable PNCs from external water molecules and
various water-soluble ions. The performance degradation of
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Figure S. Confocal fluorescence imaging by 3T3 cells and HUVEC cells. (a,—a;) Confocal fluorescence images of 3T3 cells and (b,—b;) HUVEC
cells incubated with CsPbBry PNCs/PVP@PMMA after 24 h, respectively. (a;, b;) Bright-field images, (a, b,) fluorescence images, and (a3, b;)
merged images. (c,, c,) Merged images in different endocellular regions and (c;) cytotoxicity. The blended CsPbX; PNCs/PVP@PMMA powders
are used to treat the human HUVEC cells after 24 h. (d,—d;) Corresponding individual fluorescence images in the human HUVEC cells.

CsPbX; PNCs is inhibited due to the robustness of the
protective layer.

Additionally, lead leakage into water during the dissociation
process of CsPbX; PNCs will cause severe damage to the
environment and even living organisms, severely limiting their
utilization. Inductively coupled plasma optical emission
spectroscopy (ICP-OES) is also conducted to evaluate the
lead contents after dispersing CsPbBr; PNCs/PVP@PMMA in
deionized water. The release of Pb elemental amount is 0.024
ppm (mg L") after 2 h and only up to 0.061 ppm (mg L")
after 100 days of storage in water. The trace lead leakage in
water confirms the validity of the encapsulation and provides
safety assurance for in vitro and in vivo labeling and bioimaging.

Considering the low lead-leakage and low photobleaching
properties of CsPbX; PNCs/PVP@PMMA, which can achieve
long-term fluorescence in harsh environments, it is highly likely
to be used as a luminescence probe for multicolor bioimaging.
To further validate its feasibility, 3T3 and HUVEC cells are
chosen to treat CsPbBr; PNCs/PVP@PMMA powders at
concentrations ranging from 0 to 500 ug mL™" in cell culture
fluid for in vitro cytotoxicity assay and live cell imaging. Since
the average particle size of CsPbBr; PNCs/PVP@PMMA is
about 56.8 nm, CsPbBr; PNCs/PVP@PMMA may be taken
up by cells through endocytosis. As shown in Figure Sa,b, the

confocal fluorescence images illustrate the phagocytosis of
nanocrystals at a concentration of 31.25 ug mL™" by 3T3 cells
and HUVEC cells after 24 h, respectively. These merged
images show strong green fluorescence spots in the cytoplasm
under 405 nm excitation, indicating the successful entry of
CsPbBr; PNCs/PVP@PMMA into living cells. Throughout
the incubation process, the cells ingested with the nanocrystals
remained spindle-shaped without significant damage, and the
intracellular fluorescence intensities did not exhibit apparent
attenuation. Further, multicolor cell imaging was also
performed by culturing HUVEC cells with blended CsPbX;
PNCs/PVP@PMMA powders (CsPbCl,,Br; 5, CsPbBr;, and
CsPbBry¢l,, PNCs/PVP@PMMA powders with the mass
ratio of 1:1:1). According to the merged images in Figure
Scy,¢y, the blue, green, and red fluorescence in different
intracellular regions can be observed after the cell incubation of
24 h, indicating that the cells can be successfully labeled and
tracked by multicolor phosphors. The corresponding individ-
ual fluorescence images are also shown in Figure 5d;—d;.
Subsequently, the cytotoxicity of the 3T3 cells and HUVEC
cells treated with CsPbBr; PNCs/PVP@PMMA and blended
CsPbX; PNCs/PVP@PMMA powders was evaluated with
CCK-8 assay for 24 h, respectively (Figure Sc; and Figure S6,
see the Supporting Information). The cytotoxicity test results
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Figure 6. White light-emitting performance of the CsPbX; PNCs/PVP@PMMA structures. (a) Latent fingerprint images of tunable composition
CsPbX; (X = Cl, Br, and I) PNCs/PVP@PMMA powders under 365 nm UV-light illumination. (b) EL spectra of CsPbX; PNCs/PVP@PMMA-

based WLED at 20 mA. (c) 1931 CIE chromaticity diagram.

show that the viability of human HUVEC cells treated with
CsPbBr; PNCs/PVP@PMMA and blended CsPbX; PNCs/
PVP@PMMA powders could exceed 96.3% and 96.8%,
respectively, when exposed to the PNC concentration ranging
from 0 to 500 pg mL™". In addition, 94.4% of 3T3 cells are
survivable within 24 h after exposure to the CsPbBr; PNCs/
PVP@PMMA PNC at concentrations of 0—250 ug mL™, but
at concentrations up to 500 ug mL™", the survival rate is 64%.
Here, we compare the various properties of core—shell
structures, as shown in Table 2, indicating that the CsPbX;
PNCs/PVP@PMMA structures have low cytotoxicity and
long-term emission. It is worth mentioning that our
cytotoxicity assessment is relatively broad compared to other
reports, i.e., the cell viabilities were tested at PNC
concentrations much higher than 100 ug mL7.*™* These
results indicate that CsPbX; PNCs/PVP@PMMA structures
are suitable for general cellular labeling, tracking, and probing
and can ensure almost no toxic lead-leakage during prolonged
live cell incubation.**™>*

In addition, latent fingerprint recognition is conducted by
using representative multicolor CsPbX; PNCs/PVP@PMMA

due to its enhanced luminescence properties and low
cytotoxicity. As shown in Figure 6a, a well-resolved multicolor
pattern configuration between the ridge and furrow is
exhibited. The distinguishable latent fingerprint image contrast
is mainly attributed to the electrostatic adsorption between
CsPbX; PNCs/PVP@PMMA composites and surface oil
secretion of fingerprints in the ridges as well as the electrostatic
repulsion in the furrows caused by hydrophobic effects of the
PNCs surface polymers.”*>

In order to further demonstrate the potential multifunctional
applications of CsPbX; PNCs/PVP@PMMA in optoelec-
tronics devices, a prototype phosphor-converted WLED was
successfully prepared by encapsulating the composites of
CsPbBr; PNCs/PVP@PMMA and CsPbBr, I, , PNCs/PVP@
PMMA phosphors onto a blue-emitting InGaN LED chips
with UV-cured adhesives. Although there are many reports on
the fabrication of WLEDs***’ based on PNCs, many
researchers rely on combining green-emitting CsPbBr; with
commercial red-emitting phosphors (such as K,SiFg:Mn*" and
(Sr, Ca)AlSiN;:Eu?*).>® The aforementioned halogen anion
exchange reaction is proven to be effectively inhibited by using
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the CsPbX; PNCs/PVP@PMMA composites with the core-
interfacial layer-shell structures.”” The electroluminescence
(EL) spectrum is shown in Figure 6b, which consists of three
distinct emission bands, with a narrow emission peak at 456
nm arising from the blue LED chip, a green emission peak at
530 nm originating from the CsPbBr; PNCs/PVP@PMMA
phosphors, and a relatively board red emission peak at 610 nm
ascribing to the CsPbBry4l, , PNCs/PVP@PMMA fluorescent
powders. The thermal stability of the iodine-based perovskite
phosphor with the CsPbBry¢l,, PNCs/PVP@PMMA struc-
ture is relatively poor, resulting in degradation of the
luminescence performance of the LED at higher driving
currents. It is speculated that the fluorescence degradation may
be caused by the rising temperature around the PNCs since the
increase of the injection current leads to an elevation of the
junction temperature.60 Here, the WLED device is measured at
an operating voltage of 2.5 V and a current of 20 mA. The
device acquired a relatively low luminous efficiency of 3.54 Im/
W compared to previous publications but is acceptable for
perovskite PNCs-based LED devices.”' ™ By optimally
adjusting the ratio of PNCs between green and red phosphors,
warm-white light emission could be generated with a
correlated color temperature (CCT) of 6061 K, a Commission
Internationale de L’Eclairage (CIE) color coordinate of (0.321,
0.325), and a color rendering index (CRI) of 71.3, as shown in
Figure 6c¢c. Additionally, we chose another red phosphor
CsPbBry,;l,; PNCs/PVP@PMMA with a different halogen
composition to be mixed with green phosphor CsPbBr;
PNCs/PVP@PMMA to prepare the LED devices, which
exhibits a relatively high CRI of 83.7, as shown in Figure S7.
To further increase the thermal stability of WLEDs, we
proposed that the WLEDs could be fabricated by mixing green
CsPbBr; PNCs/PVP@PMMA phosphors with commercial red
powder (K,SiFg:Mn*"). Figure S8a,b presents the EL spectra of
the fabricated WLEDs and also plots the EL intensity as a
function of different driving currents (from 20 to 120mA),
indicating that the EL intensity gradually increases with the
increase of the driving current. The results confirm that the
CsPbX; PNCs/PVP@PMMA are suitable as a color converter
of the WLED. The anion exchange and concentration
quenching effects could be solved by using the composites
with the CsPbX; PNCs/PVP@PMMA core-interfacial layer-
shell structure. Figure 6¢ also depicts the wide color gamut of
the constructed WLED devices, which encompass 115% of the
National Television Systems Committee (NTSC) standard in
the CIE 1931 color space and 85.5% of the Ultra high-
definition Television (UHDTV) in the CIE Rec.2020 color
space, which may have great })otentials in the fields of solid-
state lighting and displays.®”~

B CONCLUSIONS

In summary, we report a novel encapsulated strategy to realize
CsPbX; PNCs/PVP@PMMA with a core-interfacial layer-shell
structure. The obtained CsPbX; PNCs/PVP@PMMA struc-
tures exhibit high water resistance, high polar solvent stability,
low lead-leakage, and good biocompatibility. The CsPbX,
PNCs/PVP@PMMA structures exhibit high emission effi-
ciency with excellent stability even after being in water for 18
months. Moreover, the CsPbX; PNCs/PVP@PMMA struc-
tures show cell imaging performance with long-term strong
fluorescence and low toxicity in HUVEC and 3T3 cells,
respectively. The WLED devices based on these CsPbBr; and
CsPbBry¢l,, PNCs/PVP@PMMA structures exhibit white-

light emissions. In the next work, the thermal stability
degradation and luminous efficiency of CsPbX; PNCs/
PVP@PMMA-based WLED devices need to be further
improved for practical applications in integrated optoelectronic
and bioelectronics devices.

B EXPERIMENTAL SECTION

Materials. CsX, PbX,, PVP (Polyvinylpyrrolidone, MW 58000),
PMMA (poly(methyl methacrylate)), and PS (polystyrene) were
purchased from Aladdin and used as received without further
purification. The DMF (N,N-dimethylformamide, AR grade) was
purchased from Tianjin Fuyu Fine Chemical Co. Ltd. DCM
(Dichloromethane, AR grade) was purchased from Tianjin Damao
Chemical Reagent Factory.

Synthesis of CsPbX; PNCs/PVP@PMMA. As for the synthesis of
CsPbBr; PNCs/PVP@PMMA, the 0.445 mmol CsBr and 0.445
mmol PbBr, were dissolved in 10 mL of DMF and stirred thoroughly
at 25 °C until completely dissolved; then, 1 mL of the above solution
was rapidly injected into 10 mL of DCM solution containing 0.25 g of
PVP in a round-bottom flask under vigorous stirring. Subsequently,
the solution was centrifuged at 7000 rpm for S min to collect the
precipitates. Then, the precipitates were redispersed in 10 mL of
DCM solution containing 0.1 g of PMMA and stirred for 2 h at 25 °C.
Next, the clear yellow PNC colloids were obtained in DCM solution.
The CsPbX; PNCs/PVP@PMMA were collected by adding the
appropriate amount of n-hexane into colloidal PNCs (the volume
ratio of colloidal PNCs to n-hexane is about 1:6) until the liquid
supernatant turned clear. Finally, these CsPbX; PNCs/PVP@PMMA
composites were dried in air by solvent evaporation and then ground
into powders in a mortar. These powders were put into water to test
their water resistance and used in applications such as live cell
imaging, latent fingerprinting, and WLED devices.

Synthesis of CsPbX; PNCs. The pure CsPbBr; PNCs were also
fabricated as a control group via a similar supersaturated
recrystallization method. Briefly, the precursor solution was prepared
by mixing 0.445 mmol of CsBr, 0.445 mmol of PbBr,, 0.25 mL of OA,
and 0.5 mL of OAm in 10 mL of DMF. Then, 8 mL of DMF
precursor solution containing PbBr,, CsBr, OA, and OAm was
injected into 10 mL of DCM solvent without PVP and/or PMMA at
room temperature with vigorous stirring. Subsequently, the solutions
were centrifuged at 8000 rpm for 5 min to collect the precipitates.
The precipitates were redispersed into water for the fluorescence
properties and PL lifetimes.

Fabrication of WLEDs. CsPbBr; PNCs/PVP@PMMA green
phosphor powders and CsPbBr4l, 4 (or CsPbBr,,1,;) red phosphor
powders were mixed in the ratio of 2:1 with UV curing glue (the mass
of total powders to glue is 1:1) and then stirred vigorously to form a
homogeneous mixture. The mixture was dropped on an InGaN-based
blue-emitting LED chip (3 W, 455—460 nm, San’an Optoelectronics
Co., Ltd.) and dried at 150 °C for 1 h. So far, the WLEDs based on
red and green phosphors on the blue LED chips have been fabricated
for optoelectronic measurements.

Characterization Methods. The morphologies of nanoparticles
were characterized using a transmission electron microscopy (TEM)
JEOL JEM-F200 microscope at 200 kV accelerating voltage. Scanning
electron microscopy (SEM) images were acquired by a ZEISS Sigma
300. The photoluminescence (PL) spectra, decay curves, and absolute
photoluminescence quantum yield (PLQY) were obtained on an
FLSS fluorescence spectrophotometer with an excitation wavelength
of 365 nm at room temperature. Fourier transform infrared (FTIR)
spectra were tested on a Nicolet is5/is10 FT-IR spectrometer in the
range of 4000—600 cm™'. X-ray diffraction (XRD) patterns were
performed by a Bruker D8 using Cu Ka radiation (4= 0.154 nm)
operating at 40 kV.

Cell Culture and Cell Imaging. HUVEC and 3T3 cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% FBS in a 5% CO, humidity incubator at
37 °C. HUVEC cells were seeded in 96-well plates at a density of 6 X
10° cells/well and cultured in 5% CO, at 37 °C for 24 h in a cell
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culture medium (i-Cell-h110—001b). After the medium was removed,
cells were incubated with 1 mL of fresh medium and 10 yL of PBS
containing CsPbBr; PNCs/PVP@PMMA (pH 7.4) for 24 h. Prior to
imaging, the 3T3 and HUVEC cells were gently washed with PBS 3
times. Fluorescent images were recorded using a X 60 objective lens,
and the images were processed using the Olympus FV10-ASW 1.6
viewer software.

Cell Toxicity. The standard Cell Counting Kit-8 (CCK-8) assay
was employed to determine the relative cell viability. 3T3 and
HUVEC cells were seeded in 96-well microplates at 6 X 10° cells/well
in 150 uL of DMEM containing 10% FBS at 37 °C. After 24 h of
incubation later, the culture medium was removed with 100 uL of
fresh medium containing various concentrations of CsPbBr; PNCs/
PVP@PMMA ranging from 0 to 500 mg mL™'. Finally, the cell
viability was examined by adding 80 uL to 96-well plates at an
absorption wavelength of 450 nm.
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